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FOREWORD

The freess dehydration of foods is of sisnificant {msortancs military
rations becsuse of the wnlque coxbinatdon of good quality with light weight,
In the pressnt stata of the art, freeze drylng is relatively expensive, partly
dus t long processing times and to low prodvetion rates bscause heat transfor
13 & lisiting factor in the typical commercial process,

Earlier work by FHMC Corporation had skoun that frasze drying could be
accomplished in a flowing atream of inert carrier gas and, sorecover, that time
reductions over conventicnal processes were potentially obtainable if appropriate
low absoclute pressures were ussd, The objective of the work reported here was
to carry out an extensive exploration of the technical feasibility of thia process
when using a condensible carrier gas,

The work covered in this report was performed by FMC Corporaticn, Cantral
Engineering Laboratories, under Contract No, DA19-129-AMC-369(N),. during the
period from L July 1964 through 30 Juns 1965, The investigator was Dr, John H,
Hlslke and his collaborators were E, Gyuline, J, Lennon, J, Roe, A. Teller, and
M, G, Miller, :

The U, S, Army Natick Laboratories Project Officer was Dr, Roger M,
Stinchfield and the Alternate Project Officer was Mr. John Swift, both of the
Food Division, The Contracting Officer was lir, John Iynch of the Purchasing and
Contracting Offica,

FERDINANL P, MEHRLICH, Ph.D,
Director
Food Division .

APPIOVED :

DALE H, SIELING, Ph,D,
Scientific Directer

W, W, VAUGHAN
Brigadier General, USA
Coamanding

— —— s e A e T o, NI GO |
i . :

..__..-.~._..~..




TABLE OF GONTENTS

Page No.
LIST OF TABLES h's
LIST OF FIGURES vi
ABSTRACT vii
SUMMARY viii
I. INTRODUCTION 1
A. Background 1
B, Objectives 1
C. Work Accomplished 2
D. Principal Conclusions 2
E, Preliminary Design and Econcmic Study 3
F, Format of the Report 3
II, PRELIMINARY LPCS DRYING TESTS ON 20 COMMON FOODS 3
A. Small Scale Drying Apparatus 3
B. Examination of the Dried Foods 8
C. Source of Fond Samples 8
D. Presentation of Data 8
E. Behavior of Various Foods 20
III, PROCESS AND OPERATING VARIABLES 4]
A. Measurement of Drying Rate 25
B. Flow of Carrier Vapor 32
C. Depth of Bed 35
D, ©Size and Shape of Food Pleces 37
E. Effect of the Carrier Temperature 40
F. Effect of Pressure Lo




ey

Bt S

g W"’:m‘mﬁf"‘“ﬂ‘ AR T A e SR TN SNy W WY 9 | SE NN TR e g g Y P f

TABLE OF CONTEWTS (Cont'd)

IV. VREPARATION OF PIIOT SCALE DRIED FOOD SAMPIES
&, TFTood - Sources and Proparation

B. Preparation of Control Batches of Food by Vacuux
Presze Drying

C. Pllot Scale LPCS Apparatus
V. CONDENSIBLE CAERIER FLUIDS
A, Couparison of Properties
B. DPerformance of Different Carrier Fluilds
C. Reaidues of Carrier Fluid in the Dried Foods
VI. PHEOCESS DESIGON CONSIDERATIONS
APPENDIX
I. BEbliography
II, Definition of Terms
Heat and Mass Transfer Calculations, 4 - D

III, Analywis for Free Sulfur Dioxide in Corn
after Freese Drying by LPCS Mathod

IV. Drying Rate Data

VY. Deaign Concept and Estimated Cost of Freeze
Drying by LPCS

iv

Pago ¥o.

50

50
50

61
6L
6l
70

13

78

8
87

ol S P« TS

S e b b 1R




Lt s

1I-1
III-1
II1=2
1I1-3
III-4
III.5

v-1

V-1
V-2
V-3

LIGT O TABLLS

Various Toods Dricd in lisptane Vapor

Drying Rate Data

Effect of Carrder Flow on Drying Rate

Variation of Drying Rate with Particle Size and Shape
Effect of Pressure and Temperature on Drying Rate
Evaluation of Cooked Beef Drded by LPC3

TFoods Used in the Preparation of Pilot Scale Dried
camples

Drying Runis in Conventional Freeze Dry Chamber with
Same Foods Used in LPCS Pilot-Scale Apparatus

Pilot Scale LPCS Apparatus--Details
Drying Runs on LPCS Pllot=Scale Apparatus
Comparison of Carrder Propertiecs (12, 8)
Use of Carrier Flulds Other Than Heptane
Regidues of Carrier in Dried Foods

Paga No.

2

L9

53
55
é0
63
65
69




[ e |

112

II-3

o4

| pas sl
-2
III-3

- ——

i

Ixa-7

Iv.l

Iv.2
Iv-3
V-1

Appendix V-1
Appendix Va2

LIST OF FIOURES

Schematic~Small Scale Apparatus for Fresxe
Drying with a Carrisr Gas

Small Scale LPGS Apparatus

Food Baed, Small Scale LPCS Apparatus

Products Dried 4in Small Scale Apparatus

Drying Rate Apparaius

Drying Curve

Run 72 «- Fish, 1/4" Dices

Drying Ratss of Fish

Drying Rates of Raw Beef

Effect of Preaswure and Temperature on Drying
Rate with 60% of Moisture Removed--Cooksd
Beef, Diced

Effect of Pressure and Temperature on Initdad
Drying Rate—Cooked Beef, Diced

Low Pressure Carrier Sublimation Apparatuse
Pllot Scale

Run E12 Pess, Scarified
Tan E7 Coicken, Cooked and Diced

Vapor-liquid Chromatsgraphic Separation of
Heptanas

LPCS Process Flow Sheet
Drying Basket~Rotating

Poge No,

% %Y 3B oo v =

4 3

9
150




TR TR P T T S, ST B R TR 3RS T e T § el S e TR, =T AR

1 7 S T

e T

=T b

e e

ABSTRACT

This report envers an inveatigation of a proceas to freeze-dry at increased
ratos by using condensibls carrisr vepors to itransfor heat o frozen food parti-
oles (LPCS process), About 20 common feods wers successfully dried., Optimum
presourds are 3 to 15 mm Hg €@ 130-150°F, A mixture of heptane isomers purified
with fuming sulfurdic acld appoars to bo the best carrier fluld for large<scale
work, but furmation of & solid hydrate in the condenser i3 a complication, Diy=

irng times ranged from 2 to 6 hours, and can be affected greatly by processing
conditions.
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Earller work by FNC Corporation had shown that the Lov Pressure Carvier .

£ - — Bos e o i e ,ane s - -~ - ok 3 "
Sublimstion Trocess(Ls LE), &= shlch 2 cendagsibls vapsr glirgulagss

through & bed of particulate food &t & total pressurs of % to 1% mam Hg,
can tranafer hsat to ths food particles and svéep awdy water vapor 80
that the food papldly freezewdrisz, Beds of food frem 3 inches to

12 iachas deep had beey firessa-drisd In times batwesn 2 and & hours.

T W - SR BN
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The whiectives of this work ware to varify thess preliminasy results; to
investigats ths variables, such as food typs and parvicle size, temperas
ture, pressure, etc,j to prepars sadples sufficiently large for stability
and quality studies; to determine the desirable properties for & carrier
fluld; and to study other factors &ffecting the process,
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e

oot i o R RN

The results of asalle-scale work showed that foods low in sugar and suffi.
clsntly psrasable, such as diced msats, shriep, and cooksd vegetables,

freezs-dry vary wall undar the conditions of LPCS, Sliced strawbarrias : |
also freese-dried satisfactorily at about 3 sm Hg, but at higher O
pressures (6 to 8 wm H'), they thawed and shrank, :

;
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Increasing tha pressurs from 3 to 50 mo Hg caused the drying rate of

cocked beswf to increuss at firat, and than to level off, at about I
15 mm Hg, Thare may have basn a maximun rate at about 15 mm Hg, but the
measursments wers tot sufficiently precise to verify this,

Heptane was used as a carrvisr fluid for most of the work, but FC-75 (a l
cyclic fludrosther Cgl'yg0) and hexans were svalusted and appearsd to be ‘
satigfactory.

e o i B i o L

Any aromatic lmpuritiss in the heptans vers preferentially adsorbed by

tha dried food snd imparted an undesirable tuste, but it was found that
techufcal grade heptans, which is a miature of isomars and has & considers
able coutent of arcmatic impurities, can be adequately cleansd with fuming
sulfuric acid, to serve as & satisfactory and inexpensive carrier fluid,

s e ———— 4] |
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A pilot-scale apparatus was constructsd and this ran very well, except

that the unaxpscted formation of & #clid hydrvate of haptans and water In
ths condenssr, camplicated the operation and limited the durition of tha
runs, A modification in desigh could undoubtedly handle this problem {f

G T TNV IR OE T R OIS NI O OER AT e 1) SO
-

another apparatus wers built., Despite this diffieulty, 1/2-to Y-pound
; (dried waight) samples of 9 foods wape freaeze~-dried,
i !
] ¥ An economic analysis of the LPCS process, performed at tha contractor's 1

cun expenss, showed that on a large wcale, it could fresxza-dry the foods
for which it is suitable at approximately 15% to 200 laxs cost than with
conventional vacuum fresxe-drying.,
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Previous work by FMC Corporation and by Karper (1, 2) demonstrated thai

the time (v frveze dry & wed of particuwlute food can by decreased consider-
ably from that wsually required by vectuum frveze drying if an inert carrier
gas 48 made to flow through tas sed  Uider proper conditions the abroea of
carrier gas will tranafer the heat regulred for sublimsetion to the frozen
food particles and will aswuep water vapor away and 80 maintain a sufficiently
low partial preasws of water adjecent vo the focd., To Iyvwie dry in this
manner at atwogphesric pressure, the temperature of the carrler gas can only
bu & very few degrees above the freeclng polunl of the food if welting 1s not
to occur. By reducing the pressure of the carrier gas, however, water vapor
will diffuse through the dried part of the food places wmore rapidly and
therefore gas wut higher tempersture can contact the food without welting it.
In this way a given amount of carrier gas can transfer more heat to the food
particles which therefore enables drying to take place much more rapidly at
these lower pressures, As pressure 1s lowered frow aumnmospheric down to the
range of § to 20 mm Hg, the thermal conductivity of the carrier is virtually
unaffected; but since the diffusivity of water vapor through the inert
carrier becomes wmuch greater, high rates of freceze drying are pozsible in
this range of pressures. At pressures lower than these, the thermal conduc-
tivity of the carrier fluid and thus of the dried shell of food aurrounding
the ice core decreases, This is the princdpce ot the LPCS proceas.

The LPCS process thus invclves the elrculatinn, dewatering, and reheating
of very large volumes of gas at lnese low preasureg. To cope with this
problem, Barth and co-workers ¢3) proposed the use of a condensible carrier
fluld so that the large volumes of gas or vapor could be genserdted by vapor-
izing a liquid above the bed and condensing the vapor after it had passed
through the bed and conveyed water vapor from it,

Since buds of diced mesals loaded to more than 20 pounds por squaste foot had
been freeze dried in less than 4 hours by use of the condensible carrier,
the acheme showed promise for freeze drying certain foods at considerably
less cost than 18 pregently the cage, For this reason, and becguse freegs
dyied foods are so premising as rations for troops to carry in the fleld,

& proposal to pursve this work further was sebmltted to V. 5. Arwy Natick
Laboratories,

This is the final report destribing %he work carrled out under the coniract
reaulting from the sbove proposal.

Objectives

The general objective of this contract was to investigate tho freeze drying
of foods by use of a condensible carrier gas at low pressuwres within the
range of 1 wm to 200 wm Hg.

The progran delineated by the contract entailed swall scale trials with 15
or 20 common foods to assess the sultablility of the LPCS method; an
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investigation of procass and operating varlables to detarmine thelr effect
on the rate of fresas diviag and on the quality of the wesulilng producty
preparation of 10-pound ssmples of drled foods by both the LPCS and con-
ventional vacuum freeze drying processes for submission to U, S, Army Natick -
Laboratories to use {n thalr evaluatlion and storage etudlesy a study of
possible cerrier fluids; and other pertinent factors which might arise from
the {nvestigation, such as residues of carrier fluld in the drled food,

Work Accemplished

The cbjectives of the sma&ll scala work are bslisved to be falrly well
accompiished, although a comprehenaive investigation of the many parameters
svaslderad was not possible within the zcops of the contract,

A pliot scale drying unit was made by modifying an existing apparatus and
it was designed to use heptane as a carrier since this fluid is cheap and
the FDA bas slyready estublished tolerances for i:, The use of heptans,
while an advance over the previous work, gave rise to unexpected complica-
tions wit: the pilot scale apparatus which preventad the drying of as much
food as had been desired without exceeding the available funds, The
principal difficulty Involved the fermation of curdy suspended sclids in
the condenssd heptane. As & drying run progressed, thesa solids built up
in the system to the axtent that they interfered with the circulation of
carrier, Thus the amuunt of food that could be dried in a givan batch and
the rate of circulation of carrier fiuid were less than had been anticipated;
#nd the production of samples totaling several pounds was quite difficult,
However, with the experience gained in thls work, it appears that suitable
squipnent can be designed to cope with these solids (which seem to be a
hydrocarbon hydrats).

A gsecond difficulty with the larger scale apparatus was that sufficlently e
large quantities of adequately pure heptane were not readily availasble,

A procsdure was devaloped to purify the heptane, so that 1t should be possibls

to prepare sufficient fluid for any large scale unit,

Princijpal Conclusions

1, The LPCS process can rapidly and satisfactorily freeze dry particulats
foods whose melting temperatures are not too low and whose pore structure
is sufficiently permeable, This includes cooked, diced bewf and chicken,
cocksd shrimp, fish, lesfy vegetables, and diced strawberriss, Peaches,
apples, carrois, peas, and whole kernel cosn melted in the drier
(although the driad materials did rehydrate quite readily), so¢ the process
is somewhar limited in the foods which it can freeze dry.

2, The drying rate increases with pressure, and it may pessibly go through
& shallow maximum at 10 to 15 mm Hg for diced cooked bsef, »

3. Tha maximun presgure is limited by either the daw puint of the carrier
fluid or by melting of the food.

4, Aromatic gompounds must ba thousighly removed fraoo the carrier fluid, since
the dried food sesms to adsorb them preferentially, and they impart a strong
unpleasant taste to the food.
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Preliminary Desisn and Economic Study

Although a deaign and economic study was not vwithin the program set forth by
the contract, FMC Corporation, &t its own expanse, devaloped a preliminapy
concept for a plant to freeze dry 2,000 pounds of food per hour by this
process in erder t¢ 2ssess the potentlal economics of LPUS, The results

of this work are bplefly prasented in this veport {Appendix V),

The qost of freeze drying by LPCS Llg estimated to be 4,7¢ per pound of

water eévaporated, On & comp&rable bamis the estimate for conventicnal

vacuun freeze drying is 5.4¢ per pound, A large and continuous produn-

tion of sulitable food (. py diced chicken) would be necessary to realize
this cost advantage, and at the present other factors, including insufficient
denand for such dehydrated foods, argue against commercisl use of the proceas,

Format of the Report

The princiﬁal topics covered by this report are treated in six separate and
fairly self-contained sections of which this Introduction is the first, The
detailed data and calculations are presented in the Appendix,

II, PRELIMINARY LPCS DRYING TESTS ON 20 COMMON FOODS

Small Scale Drying Apraratus

1. Tigure II-1 shows a flow sheat of the apparatus used for this part of

the work, Figures II-2 &adII-3 are photographs of the whole apparatus
and of the sample holder, Referring to Figure II-l, the carrisr liquid,
which was normal heptane i. 'l of this work, flows frem a storage con-
tainer, through a rotamet: , ad ““en to a needle valve where tha flow
is regulated manually, The iqu * passes intc the vaporizer which con-
sists of several fest of 3/3 copper tubing immersed in a constant
temperature water bath, kept at 150° for these runs, Carrier vaper

at low pressure then enters the drying chamber, which is a 12% long
saction of Pyrex pipe 4" in dismeter, sealad at the emds with 3/8%
sluminum plate, Tho vipor passes through the sampls in the smmple
holder inside the drying chamber, then from the bottom of the drying

chamber it goes to the condenser which is in turn connected to the
vacuum pump,

The top of the drying chamber and the vapor line into it are maintained
at 150°F by infrared lamps, A transparent plastic water jacket murrounds

the walls of the drying chamber with hot water of the desived tamperatire
ciroulating through it.

Preasure In the drying chambsr is regulated manually by throttling the
vapor at the chamber's outlet. I is thus necessary to keap the temper-
atuwre of the condensing vessel below -10°F or -20°F so the vapor pressure
of the condensed carrier will be considerably less than the chamber
pressurs, The condenser is a stainless stesl oxygen bottls about 12"

in dispeter by 18" high and it is immersed in propylene glycol and dry ice.
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The sample holdér is a transparent plastic cylinder 2" in diamiter and
3" deep equipped with five double conductor {acks so that fiva thermo~
couples can be connected between the holder and a temperature recorder.
Ordinarily a 36 gauge copper-constantan thermocauple is placed ahgvs
the bed, 3 are in the bed ai the top, middle, and bottom, and ons
thammocouple is below the bed. (S5ee Figure II-3.)

There is scme uncertainty aboul the validity of the temparature measure=
ments, The couples above and particularly below the bed attempt to
measure temperature of the gas flowing past them but they aleo receive
radiztion frem the warm walls of tha chamber,

junotion of shiny solder were used to minimize radiation, thersfore tha
indicated tamperatures of the gas entering and leaving the bed should be
reascnably accurate, Thermocouple junctions inside the bed are located

at the canter of food particles in a hole made with a small awl and sealed
by a drop of water which is then quickly frozen. With small food particles,
such as kernels of corn and split peas, the particla temperatures recorded
are undoubtedly too high, uince appreciable heat can conduct from the warm
gas flowing past the particle throuch the metal wire to the thermocouple
dunction inside the particle, However, these particle temperatures as
measured are useful because they represent an upper limit, with the actual

temperature being lower than that indicated, and their variation with time
provides a guide to the course of the run,

fine wira and a raflective

To aveid develeping an explosive mixture of pases in the system, a pressure
switch is connected to the bottom of the drying chamber, If the absolute
pressure in the chamber rises above about 50 mm lig (or if the power falls)
the switch opens and steps the flow of heptane by clesing the solenoid
valve in the carrier supply line, Opening the pressure switch also opens
the solenoid valve in the nitrogen supply and so purges the system.

The procedure for making a run is as follows:

a, The tared sample holder is loaded with frozen sample, quickly weighed,
and taken inte the cold room. Here the thermocouples are arranged
and the sample is stored in a sealed container while the drying
apparatus is brought up to temperature and charged with g weighed
amount of carrier liquid,

b

The sample holder is placed in the drying chamber, the thermocouples
are connected, the top is placed on the chamber, and the apparatus ls
quickly evacuated, When the pressure is less than one millimater,
the flow of carrier s adjusted to its proper rate with the valve
downstream from the protameter. At the same time the pressure in

the apparatus is regulated manually by the valve at the outlet of

the drying chamber, The flow of carrier and the pressure in the
chamber are carefully controlled during the course of a run,

¢¢ Uhan the temperatures throughout the sample have risen to that of the

vapor entering the chamber, tha flow is stopped, the chamber is briefly
evacuated, and then the vacuun is broken with nitrogen.

© e e
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ds Ths saapls is quickly transferred to & tared sample jar whose cover
i» put loosely in place and the jar i{s then evacuated in a desic-
cator, The vacuum is broken with nitrocgen, the desiccator is re-
svacunted and thiz cycis is repsated two or thres tines to purge
oxygen frem thas sampie container. Then the desiccator is opened,
the top is screwsd tightly on the sample Jar, and it is weighad.

Euamination of the Drisd Foods

ls The appearance of the driad sauple ix carsfully noted when it is ra-
movad from tha drying chambar, If the particles are shrunkes and
glaszsd, they have probably thawed during drying. In several cases
a4 run vas terminated befors drying was complete and the food was
quickly removad and examined to see if it had thawed., Whan the
cantari were found to be frosen, freeze di'ying was conclusively
demonstrated.

2. Moisturs content of the dried sample was determined by chserving the
loss of waight of an aliquot after sixtsen hours at 150°F in a vacuum
oven at about 50 mz Hg total pressure, Holsture in samples of undried
foods was detsrmined in the name way,

3. Retention ¢f water by the dried sample was determined by weighing dry,
izmersing in water at 168°F for either five or fiftean minutes, ramov-
ing the adharing moisture by blotting lightly with a papar towel, and
rewaighing the wet sample. Results are reported as weight of water
absorbed par unit weight of dried sample,

4, Tha samples hydrated for five and for fifteen minutes were tasted by
tvo or three pacpls who commented on flavor, odor, and consistency in
qualitative tarus,

In sevaral inatances ths taste test was obacured by ths fact that the
drying and rehydration did not cook a sample sufficiently to do auay
with an unfamilier vav flavor, Raw fish, mushrooms, and broscoll wera
threa such cases, and this fact should be considered as Table II-l is
studied,

Soures of Food Slnglou

Since the pralininary vork was designed to explore ths behavior of fifteen
or twenty comson foods in this process, cnly readily available materials
wire used, Samples were either frozen foods purchased from a local retail
market cor they were fresh foods cut to ths desired sixzs and froxan hare,
Table II-l notes the preparation very briefly. The vegetables were all
obtained in the frozen state, while the frults, mest, and fish were pur-
chased fresh, cut and frozen quickly in this laboratory.

Prugentation of Duta

Table II-l summsrizes the results from the trials of twenty foods to determine

thair bahavior in this process, For most of the runs a nominal drying
8
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tespapiture of 150°F was sslected, and the total prassure in the drying
chamber was € mm Hg in most casas, Ths pressure drop through a sample
éua te The Fiow of vapor was quite smAli and never aRcunied to mure Than
1/2 sm Hg. ODapili of sampls bed varisd from 1-1/2"to 3%, Tabla II-1 showa
for sadh sample & very brisf description of {ts preparaticn, the rw unumier,
1ts noeleture ecutent belfoiv and after doyling, the totel tike in the diriew,
nosingl dryisg temperature, and chamber pressure, The ssmple loading in
terms of peunds per square foot of bed cross ssction, ths flow of carrier
: vapor in pounds per square foot of bDed per minute, the moisturs retenties
! of the sempla, and the apreemimate tise that the sample wak stored betweed
! drying and tasting are also given, Shrinkage and appsarance of tha dried
: saiple are described and the flavor, texture, and odor of the mshydrated
sampls i noted,
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Thare was naver any significant difference betwssn samples rehydrated for
T five siinutes and those rehydruted for Fiftesn minutes, even though ssvaral

- of these materials thawed during drying, and shrank considerably, The

" shrunken samplss recoversd their original shaps to a considerable sxtent

g 3 oz baing rehydrated. Figura II-4 shows some of the dried foods,

Poma e SN AMBE ot

E. DBahaviocr of Varicus Foods 3

1, Vegetables

g a a, Vhole kernel corn, esither rav or cooked, shrank scmewhat on drying L
2 : and undeubtedly thawed before it was dry. Howsver, the dry satsrial .
1 seemdd to hydrate rcadily and it gave a product which had the taste '
i and comsistency of ordinary frozen or cannad corn. The skin os a
corn keroel oust impeda diffusion of water vaper to the outside
: anough 8o that temperatures above its freszing point daveloped,
! Even gt 100°F and 4 mm Hg kernels shrank somewhat and apparently i 8
i thawad, (nly when the frozan kernsls were cut in half before drye i
3 . ing 414 trus fresze drying sesm to take place, Thess split kerneis \
13 dried with much less shrinkage and tha product had a better taste
and texture than any of the other samplas of corn,

b, The tarrots alco shrank on freaze deying dénd thay too hydrated
resdily sud resembled notual cooked carrots, T

¢+ Choppad broccoli retained {ts gresn color, but tha stems were shrunken
and cracked, Probably the flowers and leaves fresxe dried but the
A stems did not.
‘ 4. The chopped spinach freeas dried wery well at 150° and 8 wis Hg, .«

,‘ 4. Prench out grean beans shrank on &rying, but appesred to veisypdeate ,
‘ sat infusturily, . I

£, Cut grees Itilism beans ware gquite shrunken, with dark waky aress
which did not appsar to r«<hydrats well,
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FIGURE 1l-4 PRCDUCTS DRIED IN SMALL SCALE APPARATUS
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g+ The potatces dried without shrinking and rehydrated very well,

h, Fresh mushrooms weare cut and frozen. The thick part of the samples
shrank to scms extent, but the product appeared to rehydcate resdily,

i, Paas wers split In the frozen state befors drying, O drying the
inside appeared to have shrunk away frow the skin & little blt and
was for the mest part light colored and quite porous, Howaver,
many half peas had a dark green, waxy srea under the skin amounting
to 10 tc 20% of their volune on the sida opposite tha open face,
and when eramined under magnification, this dark grssn waterial
had obviously shrunk excessively and thawed before it drled. Very
little shrinkage was evident on the cocked peas, The raw peas had
the texture of cooked peas on rehydration and they tasted very good.
The conaletency and flaver of the cocked peas was rather drab and
they seemad to be over-cooked,

2, Fruits

4. Strawberries at 130° and 3,5 mm Hg seemed to freeize dry quita satis-
factorily., These wWere the same sliced IQF strawbarries that ware
usad Iin the later larger scale runs and were supplied by a company
which was freeze drying them, When the chamber pressure was raised
to 8 mm lg, haptans was seen to condense on the fruit so that the
frult temperature must have been about 20° (vapor pressure of heptans
at 20° is approximately 8 mm), At this temperature the fruit would
be partially thawed,

b. Apples at 150° and 3,5 mm Hy shrank badly and cbviously thawed during
diying, However, they did rehydrate peadily to a rathar soggy state
having & very pleasant taste and odor., The dried material might very
wgll bu a zatisfactory product,

¢. Pears bahaved quite similarly to the apples,

d. Quite a few attumpts ware made to fraeze dry peachas and thsy wers
all unsuccessful. Freah peaches cut into cubes, quick frozen, and
dried in thig apparatus shrank badly and cbviously malted, Again
however, the dried product rehydrated readily to give a maturial
having somewhat the conalstency of stewsd frult and a very pleasant
tagta,

Peachss purchased for the larger scale runs, Rio Csa Gems, slicad,
sulfited, treated with ascorbic acid and IQF frozen also shrank
badly {n every case., Under ths mildest conditvions possible with
this LPCS apparatug (100° and 3.5 mm Hg) and even with vacuum
freaze drying at 100° and 50 microns these samples melted and
shrank, 8o the pcor results are quite likely the fault of the
sampls itself, Thawing and refreazing before drying reduced the
shrinkage and seemed to improve the product aven though the product

was shrunken anough zo that drying had obvicusly not octurred from
the solid atate,
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@, Deaf, raw

Several différent sasples cut op ground to varicus =izes wers drisd
a4t 6 mm HZ and 150% to glve products that rehydrated readily and
had a good flavor and consistency. However, pieces largsr than

1/4 or 3/8 inch wera dark r4d &nd shrunken on the lnalde even
though tha ocutsildé of the plece retained its original size and
shape. Apparsotly &fter the lce core retreated 1 to 3 == foroe

tha surface the inside of tha particle thawed,

1y a2 BT H el . RSB TR

b, Beel, cooked

The several samples of cocked beef apparently freeza dried satis-

v factorily by tha LPCS procedure, The fat appsared to have melted

9 howevap, and in some canes lt scaked into the dried meat toc aoms

' axtant, Furthsreore, the foreign taste suggestive of a hydrocarbon
was apparent in many of the samples.
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¢. Chicken, cooked, whits maat

T AR LR ST B T R R PR IR S TR AT A e

This materisl gave every indicaticn of truly freezs drying and of
baing a satisfactory product with the possible excaption of a
forelgn taste due to abserption of carrier fluid,

ds Chicken, cocked, dark weat

x rog

e

This meat alsc freeze drisd by the LPCS method but again thes fat

tanded to melt into the dry meat. No off taste was observed in the .
dried dark meat.

4, Fish

o MRy

4, §Shrinp, raw, pealed

Thase darkensd conslderably and ashrank slightly on drying but the
product rehydrated readily and tasted vary good,

b, Shrimp, cocked, pasled

Ll kI | R o] A O - o

Thess gave every indication of freeze drying very wall and the
product had excsllent taste and consistency,

¢« Halibut, raw

Trus freeze drying cccurred with LFCS and the product appaared to
bas satisfactory although it was rather tough. Insufficlent cooking
may have bsen responsible for ths toughness,

4. Rock cod

Ho shrinkage was svident,

24
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8, Lin‘ cod

This material freeze dried satisgfuctorily but it did retain a
rather fishy odor which ssemad ts be pertigularly apparent in
the streski of dark meat.

Tu aumnarize ths results from these préeliminary tridls, the LPCS procedure
freeze dried cocksd beef, chitken, flsh and shedmp &t 150¢ and 6 mam Hg
without any meélting, but raw beef thawed i{f the pleces ware larger than
about 1/% inch,

Anong vegetables only ths leafy ones such as spinach and broccell or thoss
with rather a coarse structure like potatoes freezs driad, The skins of
corn kernels, peas, and the dense cell structure of carrots impede the
diffusion of water vapor froan inside the sample to the extent that the
partial pressure of water gets high enough for melting to occur,

Among fruits, only strawberries freeze dried and all the other samples
shrank badly. However, there dried shrunkan fruits had an open enough
structurs to rehydrate readlly and give products that might very well
be satisfactory.

I1I. PROCESS AND OPERATING VARIABLES

Measursnent of Drying Rate

Since the rate or tims of freaze drying Iis the prineip.! dependent variable
of interast, considerable effort was devoted to making this mesasurssent in
a streaam of carpier gas and at low pressure, Two methods were avolved,

The first weasured the drying rate directly from the dew point of water In
the carrier vapori the second followad the waight of the sample as a func-
tion of time, and this proved toc be the most useful and expsdient of the
two procedures,;

1. Drying Rata From the Dew Point of Water

To follew the drying rate, the dew (or frost) point of water in the gas
leaving the drying chamber can be determinaed., Figure II-l shows the
installation of the dew point tester (Cence No. 35210), By having the
prossure in the dew point chamber slightly below that in the deying
chauber 48 indicated by an oll mananster (UPI 2) some of the vapors

flow past the mirror in the dew point unit, The mirror is slowly

coolad by liquid cerbon dioxide and it is so arranged that a thermometer
indicates the tampsrature of its suriace, The temperature at which

sugll ice crystals sre fFirat sesn to form on the wirror is taken as the
daw point of water,

With a noncondensable carrier gas it is quite sasy to measure the dew
point of watar down to tamperatures 8 low as =60°F, but with haptune
condensing at about 10°F (under five to aix millimeters of mercury)

it is much wore difficult to asée when water first crystalizes, However,
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reliable results appear to be possible by mounting a microscope to
obaserve the mirror at five to ten magnifications and by cementing

a very small boiling chip on to the mirror to nucleate the water
vapor when it becomes saturated, Condensation of water is indicated
by a stream of droplets or ice crystals falling from the nucleating
site, through the film of heptane coating the mirror, From the dew
point of the moisture, the partial pressure of water vapor leaving

the drying chamber can be determined, and knowing the total presaure
and rate of flow of carrier vapor (which is practically the only other
gas present) the rate of flow of water can be calculated. This is the
drying rate, if the carrier entering the system contains no water,
Table III-1 shows a sample calculation and the results from one run,

In Table III~1 the instantaneous drying rates seem somewhat higher
than they should be from the over all average rate based on the weight
loss of the sample, Lack of precision in measuring both the flow of
vapor and the pressure in the sample chamber are likely causes of this
discrapancy.

It is interesting to compare this drying rate with that calculated
from the drop in temperature of the carrier gas flowing through the
bed, If the change in enthalpy of the water vapor all comes from
"sensible heat" in the carrier gas:

a, Heat capacity of heptane vapor - ,42 BTU/#=°F

b, Flow of heptane - 22 grams/minute

c., AH of water from ice at 30° to vapor at 150° = 1272 BTU/#

d, Temperature drop of heptane through bed at 20 minute time - 66°F

e, Drying rate = 22 (,42) 66 = ,u48 gms, water/minute
1272

This compares to .57 grams per minute from the dew point measurement,
Drying rate from loss in weight

A simple mesns was devised to follow the weight of a sample as it dried
under LPCS conditions. A glass tube loaded with lead shot in one end
floated vertically in a larger tube containing concentrated sulphuric
acid. The sample of frozen food was svpported on a screen mounted at
the top of the floating glass tube, With this assembly (see Figure
III-1) contained in the four inch LPCS apparatus, the loss in weight
of the sample could be followed as it dried by noting the vertical
position of the floating tube with a cathetometer, The float was
calibrated between runs tc relate its position to sample weight, The
plastic screen which supported the sample was about 2-1/4" OD, and the
funnel above it from which the carrier vapers w2re directed on to the
sample had a throat diameter of 1=1/2",

The current of carrier vapor impinging on the sample caused the floating
tube tc oscillate slowly up and down, but the rather viscous liquid
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TABLE III-1 f

DRYING RATE DATA

Run 47. Fish, Rock Cod, raw, 1/2% cubes, mpproximate,

Toutal time =~ 195 min,

Hater evaporated « 27,9 graws fvom 37,7 grans sample,

. {
T ‘ hﬂumlmemMMumd

Flow of Heptane, from rotameter, 32 cc/min or 218 gm mole/min,

Total pressure = 6,0 mm Hg.

Ap & Partial Pressure Prasaurs in Hole fraction Dpyling#
Time Dew Pt, mm oil of Water Dew Pt. Chamber of Water Rate
Hin, SF, (56 .8) mm_Hg mo Hg Vapor g/min,
20 =5 L «73 5.7 «128 57
45 =10 3 +56 5.8 +087 H2
100 -18 k « 36 5.8 «062 +28
120 =19 4 « 34 5.8 +059 2k
135 -20 4 432 5,8 «055 23
150 =25 4 424 5,8 S0l 17
170 =40 4 +10 5.8 4017 07

® Drying rate at 45 minutes

(Total moles/min.) (mol, wt, H20) (mol, fraction Hp0)

u

0.218

(18) (0,097) = 0,42 gma water evap./mia,

%k Pressure difference between bottom of drying chamber and
dew point apparatus,

Average drying rate, overall = (27,9 gx water)/195 min,

= 0,143 34 gmin.
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damped these oscillations and kept the freqgusncy &nd aesplitude low
anough so that tha cathetomster could readily observe the peak of
sach oscillation to within ,05 millimeters, This apparatus provided
a simple and reliable maans to maasurs the waight of a ssmnlis inaida
the enclosing chamber and in the presence of & stream of cervier
vapors Ité princip-l ‘disadvantage was that high flows of vaper
caused excesaive oscillation and it was necessary tc use a3 carvier
flow such that a 7 gram sample losing weight by evaporation at 1% per
minute would cause tha average temperature of the vapor to decreass
about 259F, Thus the temparsture to which & sample deyisg pépldly
was exposed was somawhat less than that of one drying more slowly,
and this tended to compress the cbsservaed drying rates,

Tha drying rate turnad out to bs very nearly constant for the first

25 to 50 per cent loss in weight; and therefore, the slopa of this
linear portiocn of the weight time plot was taken as the drying rete
and expressed as per cent loas of total sauple weight par minuts.

A computer program was prepared to calculats the leaast squares slops
of the weight-time data over the portion of the data taken to be
linear. The 95 per cent confidence limits of this slope are 2 measugw
of the precision of tha waight determinations and of the approach te
&2 constant rate. Appendix IV presents these data as the camputar pres
pared them. Figure III-2 shows a weight-time plot for Rup 158 which
was typical, with the calculated straight line drawn through those
points from which its slope was determinad,

The intention in designing this apparatus was to make the flow of owrgies
vapor sufficiently large so that its change in tempersture would be
pegligible and the sample would therefore dry under constant conditions,
Housver, it turned out that excessive flowa of carrier fluid csused teo
much oscillation and tha gemsitivity of the cathetometer was sech that
the precisiom of the weight determination suffered for semples smalles
than about 8 grams, The firet work with this apparatus uesd samples of

¥ graws and the later rune ueed 3 gram sanplas,

The drying rzte was very nearly constant in evary case until the sauple
lost frem 25 to as much as 50 per cent of its weight, This imitially
constant rate was particularly apparent with the 7 gram sasples. Tia
reaasor for this behavier (and incidentally thig coustant {nitvial dryimg
rate i{g8 quite cammon in fraeus drying) has bean given comsidereblae
thought, In drying liquid water from porous materiale the conatant rate
i generally thought to be caused by flow of water through ths capillary
struature of the solid to its cutside surface, but in frecosse drying the
soilsturs (s not frae to move,

I1f dering a considerable portiocn of the drying cycle the thermal resfst-
aney of the dried shell of food arcund the {ce core is mall cospared to
the reelstance to transfer of heat through the bouwndury luyar survoundisg
the particle, the drying rate would be constant, Acserdingly thes model
propessd by Ginnatte and co-workera (4) whareby ths drying wits i3
determined by the tranufer of heat from the swroundivgs through tha
boundsry layer of a spharicasl food particle, then tikeough the deled
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ghell arcund the ice cors was used. From this model the drying time can
bs shown to equal:

A, affdpas ~ (e L\, .3 As Y]
Gy :_( “/ffé it 2 x? ]

‘l‘p is the constant temperztura of the gas streas, T the temperature of
the ice cors, AH the change in enthalpy of water from lce to vapor, ?p
the changa in density of the foed befure and aftar diving, rg the radivs
of a apherical food particle, k is the thermal conductivity of the dried
food, and h is the film coefflcient for transfer of heat through the
boundary layer, Also, y i8 the fraction of moisture remaining in the
sample at time ©. The princip * asuumption invelved in this derivation
is that (Tp = T) is constant and since Tp is approximately 150°¢ and T
only varics betwasn 15° and 30°F the assunption ssems justified, Appendis
II=A shows the derivation of the above expression in detail., It is
interesting to note that if vg is taken as half of the edge distance of
a cubicle food particle the same expression results.

By trying various ratics of h to k/ro a value was found which gave the
calculated points shown in Figure III-2, The experimental point at 23
ninutes was used to evaluate the constant and the value of 6 was used for
h/k/ros If k is equal to ,020 BTU/ (°F - hour - foot), estimated from
Harper's work (5) and uaing 3/8" cubes, the flln coefficiant h turns

out to be 8 BTU/ (hour~square foot =°F), Thias compaves tc a valus of

3.2 calculated from a generalized correlation in Appendix II-D.

In figure III-2 the agreement between experimental and calculated poluts
is good except during the first 10 to 15 minutes of the drying period,

and it may be that the disturbances causad by starting the apparatus
persisted for this long.

At any rate, boundary layer resistance to the transfer of hsat from the
gas straam to the ice core must be significant for food narticles of this
slizea. Initially Figure III-2 shows the calculated yate to be higher than
the experimentsl one, which could he caused by the samples being colder
at first than the ice core temperature which developad as the drying
proceeded, If the samples atdrted out scmewhat colder than the steady
state drying tempsrature, thea the rate of dyying while ulower initially
would aot tend to fall off sharply as drying procesdad since tha {co corw
tezparature would be rising tn its steady stata value, This could ba tha
courss of events which Figura III-2 shows for Run 158, Thuz the conztant
initial rate may be caused by two offsetting effects: f£irst the very slowly
decressing rate initially due to the thermal resistanca of the boundary
layer und second the tendency of the rising ice core tesparature to in=-
craais the drying rate,

It wight be well to point out that where the thermal reaistance of the
boundary layer iu nagligible, the ice core temperature should be constamt
as drylog procesds, but when Ty, the tecpersture of the satsldo particle,
rises during drying, the ice core should slowly inersase in temperaturs
aleo, Appsndix 1I<C gives tha detailed reasoning ou wiieh these atate-
ments are based, Therefore in the runs discusised hare the inside
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! teupereture daterained by the steady state transfer of haat to the ice
d core and diffusion of water vaper sway from it should siowly increase
ac drying proceeds,

I+ is zlgo worchwhils to npte that the flle coeiflelsnt, h, for heat

} trissfer through tha boundary laver surrounding these particlss should
: ba indspendent of pressure and oaly Weakly dependent on Yemperaturs

{see Appsndix II-D). For both ilmminar and turbulent flow, the fila

cosfficient dupends primarily on the heat capacity of the fluid and

3 itz mazs velcolity, both of whiich wiw condimnt with pressurs if tha

1 mass flow rate does not vary, The film coefficlent would be prupere

tional to the mass velocity (mass flow per unit time per unit area)

to the ,7 power which is in turn tha product of the density and the

avarage velocity,

£ O RN K18 S PRISRR 5 IR | 5 SR B T g
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Except whare noted all the weight-time drying runs reported hers used
a flow of 11 cc per minute of ligquid heptane and thus the mass velocity
was the sams for all the pressures and temperatures, and the film co-
afficient should have been very noarly the same in svary vun, If 11
cc per muinute of liguid heptans (measured as ligquid) flows as vapor in
& jet 1-1/2" in dismeter am ghown in Figure III-1 past 3/8" particles,
ths Neynolds number would bs about 150, and this s in the upper range
for laminar flow (6),

From the above analysis of the weight-time data to be presented harse,
the use of rates based on tha slope of the initial straight lina pore
tion of the plot may appsar somewhat questionable. Therwfore drying
rates arv also reported based on the slopss of the waight-time plots

at a point where 60% of the water hag evaporated and whare ths insulat-
ing dried ahell of matsrial surrcunding the ice cora should be well j
developed. In this way the drying vats becomes mors depesndent oo the ;
propertien of tha dried food and of the gasses filling itas porus and 1
scusvhat less dependsnt on its external contact with the cariler gas

stress, However, either method of determining the drying rate leads i
to the ssme conclusions, us does the drying time which is arbitrarily )
taken to be the time required to reach the final constant weight for i
15 minutes, '
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B, Flow of Carriar Vugg‘ v i
] 1, Functions of the Carrier Vapor

The carrier vapor perforus thres principal functions:

4. It incressas the effective thermal conductivity of the dried feod
surrounding the ice core of & particle,

b, It swsaps wvater away from tha cutaide of the drying particles,

-

The work of Harper (5) has shows that pressures of ? to 5 mm Hg of heavier
gassus are required to significantly incresse the thermal conductivity of

i
¢. It transfera heat by convection to tha particles. ) 2
32 ;
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fresza-dried foods over what they are at essentially zero pressurs.
One of tha wost worthwhile functicns of the carrier vapor is to ralse
the thermal coiductivity of this insulating layer so that heat can be
trankfarred faster to the lce cors,

Since watar vapor diffuses [roa the ics core to the outside of & dry-
ing food particls by means of a gradisnt in its partial pressume, the
partial pressure of watér vapor surrocunding the food particles wmuat

be kapt low, asctually well below the squilibriur valus corresponding
to the maximun ice core tempsraturs for ths fond under conaldersticn.
Thiz temparatis wady vary from 309F down to 0° or below for foodd with
a high sugar content, Therefore the partial pressur¢ of water vapor
surrounding the food particle must bs less than about 1 millimeter for
effective drying to take place,

A fourth effect of the carrier fluld wight be wenticned - impeding the
diffusion of water vapor from the lce core to the outsids of the food
particle, This mass transfer must take place by molecular diffusion
and it must be rapid encugh to provent the pressure cof water at the
ice core from exceeding that corrasponding to equilibrium at the
temperaturs of fusion,

If the total pressure is 5 milllmsters and the maximum partiel pressure
of water is 1 millimeter, the flow of carriur musat be at leaat four
times that of water vapor leaving the apparatus (on & molal basis),

If the carrier vapor supplies sensible heat to the food particles, tha
smaount of heat transferred by convection is a function of carriar flow,
For instance, if the carvier is heptane and its tamparaturs decressés
100°F in flowing through a bead of food, abeut 5.8 molas of carrier will
bs needed for every mole of water avaporated. Since a temperaturs drop
of 100°F ls large and more flow would be nasded for a lower temperaturs
drop, the minimum flow of carrier is most likaly to be dictated by the
need to carry heat to a bed of drying food, Thug, the flow of carvier
fluid cun only be minimizad if it is scamehow raheated as it passes
through a bed of foed.

Effect of Carrier Flow on Drying Rate

Carrler flow affacts the deying rate in two ways:
4, DBy transfer of heat to the bed of food.

b. By the haat transfer characteristics of the boundary layer of gas
surrounding each food particle,

It has already been shown that the boundary layer resistance to hast
transfer is likely to be very ggnificant for food particles under
about 1/2" and also that this resistance {u independent of pressure
&t & glven mass flow rate, but that It varies invarsely ar tha .7
powar of the mass velocity (fluld denalty timer its average véloolty),
Thus, the drying rate whould increase slgnificantly with the wass flow
of carvier if all othay conditions are held the sase, Tabls I1Y=2
shows the initial drying rate for several differant mass flow
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TABLE 1112

EFFECT OF CARRIER TLOW ON DRYING RATE

Sumplet 3Bewf, lsan, cocked, Diced 3/8" x 1/4" x 1/4%
{apprexs I grisss)

Temp, Frass, Heptane Flow frving Pats Confidence Limits

Run op wa Hy ce/min, %/min, + 8 /min.
116 150¢ 10 3.3 i.18 «09
118 150° 10 il.2 1,36 17
122 150¢ 10 1.2 2,04 13
117 1509 10 742 187 463

3u
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C.

rates of heptane past 3 gran samples in the weight-time apparatus,

The increase in drying rate i{s much less than might be expéctsd and
the probable reasen is that radlstlon contributes significantly teo the
transfer of heat to the outkide of the particle in thils apparitus,

For m 3/8" cubs drving at 2% per wminute about 40% of the heat should
be transferrad to it by radiation il l{s external temperaturs is 30°F,
The actusl axternal teapesrature is probably quite a bit wbove this but
the intivence of radiaticn ls navertheless probably slgnificant.

I a bed of food ovar 1 or 2 inches deep the surfsce available to
sacept heat tranzferred by radisiion would be amall and it would be
naceasdcy to transfer practically all of the heat by convection,

Depth of Bed

The principal influence of bed depth on drying rate is in its effect on
ths exchange of heat and mass betwaen the food and carrier fluid. A deaper
bad allows tha carrier to transfer a larger amount of sensible heat to tha
food and to beceme more nearly saturated with water vapor and the price for
thisg better mass and heat transfer ie of course paid in drying time. All
the food in a bed must be expesad to the drying conditions until tha bottom
or the last plece of food ig dried.

It is thecretically possible for the carrier fluid to approach a steady
state “wet bulb" temperature if it Is to flow through a desp anough bed
of frozen food so the temparature of the vapor approaches that of the
food, If the foad is not to thaw at this temperaturs the flow of vapaor
must bs sufficient to keep the partial pressurs of watar vapor below tha
saturation pressure at the desired freezing point of the food.

In an actual case the maximum tempsrature drop of the vapor flowing through
a given bed is a function of the flow rate, particle size, and bed depth,
and in none of this experimental work was the bad sufficiently deep for the
temperatwe of the carrler fluid to approach that of the foed.

Figure II1=3 shows & typical temperatura recording (Run 72) for a bed

of L/4Y flgh dieasg, 3" deep., Here tha carrier tempsrature golng lute tha
bad is about L140° while the temperature of the vapor leaving the bed rises
frem 50° to alfiost 140° as the drying proceeds, The tesperaturs inside un-
dried food particles stays below the fraezing polint until the food pleces
are practically dry. In Figure III-3 the indicated temperatures of the food
particles very quickly rise above 30°F, but these are undoubtedly too high
&#lnce the thermocouple wire can conduct heat into the junction whan the
temperaturs varies sharply along the wire, In avery instance whare pleces
of partially dried fish wers examined, their lce core was found to be well

frozen even thoygh particle temperatures indicated were much higher than
3009,

It should be emphasized that the thermal history of particles varies with
their pesition in the bad, Those at the top of tha bed are driad first

and are then euposed to the carrier gas temperature until the bottom plecas
are dried, Pleces on the bottos 4re expossd to gradually increasisg carvier
temperatures as thay dry,
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£ize and Shape of Iood Pieces

For the transfer of heat and wmass through the dried shell of food surround-
iug the ics core, the drying rate is inversely proporticnal to the radius
squared for spherical parcicles (see Appendix 1I-A). On the other hand,

the rates of heat and mass transfer through the boundary layer are inversely
proportional to the radius aione., Therefore the actual over all rate varies
approximately as one over the radius to a poweér somewhat less than 2,

In the various apparatua usad in this work, however, faster drying cooled
the carrler gas to a greater axtent and therefore the driving force for
transfarring heat or mass was lowser at higher drving rates or for smaller
particles and this effect would tend to reduce the observed influence of
particle size on the drying rate. Fipures [II-4 and III-5 and Table III-3
show the influance of particle size on the drying rate for fish, raw beef,
peas, corn and strawbarries, As would be expected the drying rates wers
higher for smaller particles and the drying times were shorter, The dats
in Figures IlI~4 and IlI-5 were calculated from dew point measzurements and
these in Table III-3 frowm the weight-time plots,

Obviously, as particle size increases, the internal resistance to the transfer
of heat and mass ocutweighs the resistance of the boundary layer, but balow 1l/2%
the boundary layer resistance appears appreciable,

The structure of the larger pieces of dried beef was rather peculiar in that
the outer millimetar or so was very porcus and had definitely freeze dried,
while the centers of the particlea appeared to have thawed bafore they dried,
as thare were large voids in the tissues and the meat fibers had a shrunken,
congealad appearance, Here the temperature at the center of the particle
must very definitely have increased as the drying progressed. The smallest

pleces (1/4" cubes) of raw beef appeared to have dried completely from the
frozen state.

All the fish sampleg freeze dried without difficulty, as indicated by the
lack of shrinkage in the dried product and also by the fact that the ice

cores were well frozen in several samples which were interrupted before
drying was complete,

Paas and corn,; however, presented complications in freeze drying, Peas,
which had been marely scarified by cutting their skinydefinitely thawed
before they were completely dry at 150° and 6 millimeters, Cutting the
peas in half reduced the extent of thawinp considerably and those that
werd c¢rushed before freeze drying gave no evidence of thawing.

Whole kernel corn, as cut from the cob, also thawed while drying although
the product rehydrated quite readily, Cutting the kernels in half, however,
gave a dried product which had shrunken very little inside the skin. Thus
with foods enclosed by a skin such as peas and whole kernel corn, it appears
necessary to provide a large opening in the skin by cutting the particle

in half to allow the water vapor to diffuse out without building up a
partial pressure sufficient to cause fusion,
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Eflsct of the Carrier Temperature

Obviously, the higher the temperatwure .f 4l2 carrler vapur the faster the
drying ratc, but the temperatuse 15 1irlih2d Uy o' *her +-at Wieme the food
iz scorched or where the ice corc melts,

If heat lg transferred to the frozen particle more rapldly, water vapor is
evolvad more rapidly and for this ¢iftwuse through the dried layers of

food, the driving force or partial pressurs «f water vapor next to the ice
core must vise, IL tho partlal precsere of water vapor gets above about

L = Hg; tho fuod melts; (1f its fusicn p.in® is 30 F) so ab given con-
ditions the temperature of the carier vapor way be limited by the tendency
of the fooi W ®alb, The drying rate for a spherical food particle as
calculated frow wass transfer is:

’c_f_é[‘ _ -5 (/ﬁ —//’»/ “ /
Jo = Fdpr g 7’0«’@ -]
and as celculated from heat transfer corxszdera*i-ms ‘the drying rate is:

de -2 (7-7)
T oo TG f° (75 )]

These expeassions are derived in Appenalx IX.4 and II-8, and “he expression
for the mass transfer assumes tha* the partlsl pressure of the carrier is
several times that of wader vapor, Wizn the femperaturs of the fce core

is fairly steady these expressions can @s egqistad o give 'hhe fellowdng:

G-7) _ an [ - % (%17

(p ,ﬂ) A [ +/f’°/“’"( —//
4 — ¢ H

Ao J
it the two terms in brackets are Bt UL nal Yo eadh 4her, then the ratio
of the temperature difference and *ir pressiu s ditference shouid be constant
and therefore the ice core temperaturs shoild bz constant as y varles or as
drying proceeds (see Appendix I"’-C) Howzver, there 1s no reason why the
bracketed terms shuuld te equal «r propertiingl; aud i general they would
not be, so therefore the ize core “emperai-ire can be éxpacted to vary some-
what as drying proceeds,

The effective diffusivity of the dried foud, D, would depernd 45 a considerw

able extent on the distribuilon of poce sizée whereas the thermal conductivity,

k, would be a function of the porogity but snould nov be greatly affected by
the aize of the pores, Since *he effect of the carrier wvapor is to increase
k and decrease D, food is wuck .)re likely t. mslt vwhen belng freeze dried
with the carrier gas than it i3 in normal vacuum freeze drying, In vacuu
freeze drying water moves out of tihe fecod by bulk fiow whereas in the LPCS
process water is transported by mclecular diffusion, and for a given rats of
nass transfer or drying rate this requires s larger driving force and there-
fore & larger pressure of water vapor adjacent tc %he i:e core,
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Therefore products needing particularly low lce core tempsratures are not

suitable for the LPCS process. [sr exsmple, peaches, with a high sugar
content, and also those foecde with o pors structure of low peérmeability
such as carrots would ba unsuitable for this procsas,

Effect of Pregsura

In the original LPCS comncept (FHC proposal No, P-2027) the drying rate was
postulated to be a maximum at sbout 10 millimeters of mercury. The thermal
conductivity of an ideal gas is independent of pressure but the contribution
¢f a permeating gas to the thermal conductivity of a porous solid {s neglipi-
ble if the pore size averages much below the mean fres path of the gas.

Thus the gas pressure must build up to the point where its mean free path

ie significantly less than the average pore size before the gas can con~

tribute 1o the conduction of heat through a solid, and with a wide variety

of gasses this build up occurs at pressures between from 1 to 10 millimetera
(5),

Likewise the diffueivity of an ideal gas is inversely propertional to the
pressure, but the mean free path must be quite a bit less than tha pore

size before the carrier gas will interfere with diffusion of water vapor
through a porous focd particle, Thus there should be an inert or carrvier
gas pressura such that the thermal conductivity has been raised significantly
over its value in vacuum, and yet not so high that the diffusivity of water

vapor has been unduly reduced, This optimum preesure iz in the range of 5
to 15 millimeters,

As pressure increases, however, two other considerations arise which may make
it impossible to attain the maximum. First, as pressure and therefore the
thermal conductivity of the dried food rises, heat is transferrad to the ice
core more rapidly, and moisture must diffuse more rapidly from it, both of
which cause the ice core temperature to rise; and if it goes above the point
where significant fusion occurs, freeze drying will no longer take place,
The second consideration, with a condensible carrier vapor, is that the
pressure may rise to the point where carrier vapor will condense on the

ice core of the food. For instance, at 30°F the vapor pressure of normal
heptane is about 11 millimeters, and that of water is about 4 millimeters;
so that with a total pressure over 15 mm Hg either heptane should condense

on the {ce core or the temperature of the lce core will rise above 30°F
thus thawing the food.

At a total pressure of 8 millimeters, heptane was cbserved to condense on a
freaze~-drying strawberry, Due to their high sugar content, strawberrisa
thaw at temperaturas considerably below 30°F and apparently where heptane

would econdense at 8 millimeters, The strawberries subsequently thawed,
during drying.

Drying rates were determined over a wide range of pressures with 1/4 to 3/8"
cubes of lean, cocked beef in an effort to verify the optimum drying rate
experimentally. Table III-#4 and Figures III-6 and III-7 show the results
of this effort. Approximately 3 gram samples of the cooked beef, which
included $ or 6 dices, wers dried in the weight-time apparatus described
previously. Drying rates, when 60% of the moisture had besn svaporated,
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and from thr initlal c-nstant rate of drying, ar- tabulated in Table III-L;
and while there is consi-derasble scatter in the results, increased pressure
Aons reime the rate of drying. Likewlse, the drying timos tabulated in
Tablae YTI_Li. which are the times rcguired to attain a constant final weight
for 15 minutes, grnerally decreage with rising pressure. Uncaertaintios in
th- meazurcmonts ~bicurs an optimum prossurc although Figures III-6 and
131-7 miy possibly show @ maximum in tho diying rate ai 18 willim=ters,

The effect of temperature is &lso not shown clearly by Figures II1-6 and
1117, elthough &y expected the rate does apprar to be genaradlly highor
for tae higher temperatures.

Probably the wain reason for such poor reproducibility in these drying rate
measurements is that the shape and size of the diced beef particles varied
somawhat, and since only 5 or 6 particles were used in a drying run, the
actual surface exposed to the drying atmosphere, as well as the texture of
individual pieces was quite variable. Another source of error was the ten-
dency of the floating tube in the drying apparatus to stick to the sides of
the tube in which it floated. The apparatus was usually tapped before taking
a roading to csuse the float to assume its equilibrium position; but in the
final stages of drying when the change in weight was very small the effect of
this aticking wmay have been appreciable, and this is suggeated by the fact
that the moisture content indicated by the drying apparatus was generally

lower than that determinei by weighing the sample in and out (see Table III-L).

The detailed data from which Table III-L and Figures IXI-6 and III-7 were
prepared are presented in Appendix IV

The fact that heptanc should condense on a4 frozen food particle if the
pressure exceeded 15 millimeters has been noted, However, at 15 millimeters
no condengation was observed. and it fiin  not seem to ocewr even at 19
millimeters. The reason for this may be that the heptane used, which was
of reagent grade, was actually & different lsomer than that for which

data were published (8). This material was a pure isomer as indicated by a
single clearly defined peak on a gas chromatograph; and it apparsntly had a
higher vapor pressure than the value cited from heptane in the literature.
For example, at 6 millimaters normal heptane should have a dewpoint of 159F,
but in the dew point measurements, it wasg not cbserved to condense until the
temperaturc had been lowered to 8 or 10°F, so that this particular heptane
appears to be more volatile than that for which the data arc given.

In an effort to extend the drying measurements to higher pressures where
heptane would undoubtedly condense, several yuns were wade using hexane

a3 a carrler fiuid. Table IIJ-L shows these resulis for pressures of B to
50 millimeters, and strangely enough, pressurc had very little effect on the
drying rate over this range, Actually, Harperis calculations as shown in
FMC-CEL Proposal #P2027 {7, 9) show a very flat macdimum in the drying rate
as a function of pressure and these data are probably not sufficiently
precise to show a wmaximuam effect conclusively.

The quallty of the beef freeze dried under all these conditions appeared to
be reasonably good. The cooked beef gave every indication of having freeze
dried in every case, but the dried samples way have shown somewhat better
water rctention at the lower pressures. Table IT1-5 shows some data for
these samples, 18
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164&
165
166
158
1587
156
159
160
138

137

144
142
147
146

143

TABLE III - §

EVALUATION OF COOKED BEEF DRIED BY LPCS

RETENTION !
PRESS., HOISTURE  gms.N20/ TASTE
Carvier TEMP, mm Hg ] 100 gms,
HEPTANE  120° 10 7.0 95 Fair to good
" 120¢° 15 4.6 60 Fair
" 120° 15 5.8 81 Fair
N 150° L 1.0 89 Good
" 150° 16 2,9 110 Fair - tough
" 150° 15 2.8 54 Fair - tough
" 150° 15 3.3 106 Foreign Taste - bad |
" 1509 15 1.8 123 Slight foreign taste
" 170° 10 JFair « Foreign ‘
u 170° 15 ; taste 1
HEXANE 1500 8 au Fair
" 15 8l Vary good ‘
" 20 64 Good ]
" 30 80 Falr 4
H 50 &8 Good ‘
49




AR Y T

- e I i Bl L o et o T o el
MY A Ty ¥ - ST PRt =T [ T T

Ford - Sourcws apgd Pronarat ion

The procurement of suitable foods entailed considerable difficulty because
they had to be purchased in the fall and carly winter after the processing
season had finished. Table IV-1 describes the materials finally obtalned.

It would have been preferable to have used corn and peas which had been
scarified and sulfited before being frozen (IQF), The use of unsulfited
peas and the thawing, sulfiting, and refreezing of corn were less desirable
pPocSuurcs wade necsssary by the circumstances,

The peaches had apparently been picked before they were fully ripe since
they shrank badly at every attempt to freeze dry them. Fruit thaws at a
low temperature, perhaps below 0°F, due to 1ts high content of dissolved
sugars; and the fruit structure caunnot be very permeable since the partial
preasure of water vapor inside can build up quite readily to the point
where thawing takes place, Because mature fruit freeze dries better than
green fruit, the structure must become more permeable on vripening,

Preparation of Control Batches of Food by Vacuum Freeze Drying

For comparigon with foods dried ty tme LPCS procedure, samples of the same
materials were freeze dried in the conventional manner under very conserva-
tive (low temperature, low pressure) conditions, Table IV-2 describes the
various vacuum drying rans,

The procedure for each of these runs was similar, with the frozen food being
loaded on to trays in a ¢éld room at about -5°F. Thermocouples were inserted
into the samples while they were in the cold room. The trays were then trans-
ferced quickly to a Ireeze-dryzng chamber vhich was jmmediately sealed and
evacuated, The time dDetween removal from the cold room and reaching a pressure
below 1 millimeter in the drying chamber was about 15 minutes, The chamber was
always evacuated to about 100 microns befors turning on the heat.

At the end of the drying time, tnhe vacuum was broken with nitrogen, the chamber
was opened, and the trays were quickly transferred to a dry room (rélative
humidity 10 to 30%; where the food was pub int-~ plastic bags.

The food was then loaded into Ne. 10 cans ! U.3 dry room, tops were loosely
put in‘place, and the cans were ¢vacualed twice with the vacuum being broken
each time by nitrogen. and then they were sealed. The product was thus
packed under nitrngen at atmospheric pressure.

Pilot Scale LPCS Apparatus

1. Figure IV.) and Table IV-3 describe the apparatus. In the flow sheet,
liquid heptane was sprayed onto steam heated tubes in the heptane
boiler; the vapor then flowed over steam-heated, finned tubes in the
superheater and through an crifice into the drying chamber. In the
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TABLE IV « 3

[ . PILOT SCALE LPCS APPARATUS = DETAILS

: Chamber = Cylinder 36" diam, x 52" long

Superheater ~ 6 tubes, each 23" long, 1 1/4" Sch, 40 pipe
with fins 2" dizm., opaced 1/4" apart.

Heptane boliler

Shell 8" pipe Sch. 40, x 36" long,

32 each 5/8" 0.D, hairpin tubes, sach approx,
h 6o long .

; Heat trznsfer surface 21 sq.ft.

E Condenser - 78 each 5/8" 0,D, hairpin tubes, each 76" to 80" long.
g Heat transfer surface approx, 80 sq.ft,

% Food basket - Drying bed 18 1/2% x 11 1/2%, or 1,46 sq.ft,

E Crifice - 1" diam,

; Heptans punp « 1" gear pump, with 10 to 1 spoed reducer and

' variable spead driva,

% . Brine Jirculating pusp - 1" Moyne, Type CDQ

E Cold tyap - lu¥ diem,, x 44" long

£ ’ Decanter and heptans storsge « 16" diam, % 18" long

: Vaguum pump - 250 efm displacement, Blank-off at 10 microns,

Heptans filter = Tuel filter vhich passed hydrocarbonis but not squeous
liquid‘t

-




drylng chamber the vapor puskad dovnward through the bed of food and into
the condenser from which the liquid drained into the decanter, The liquid
heptane flowted off the top of the decanter Into tha haptans storage tank
where it vas pumped around the cycle again, From the pump tha liguid was
heated and tien passed through a fuel filter which was readily parweable
¢t tha hydrocarbsn but which held back droplats of water bscause of

thalpy higher surfuce tanglen, and in thiz way salt deposits on the boller
tubes wers avolded, Batuesn the fllte: and the boiler, and not ahown on
the flow sheet, was a flowmeter and & manual control valve by which the
flow of haptana could be regulédtsd,

s} & am‘-"-‘

& Sslution of brinc, approximately 30% calelum chloride, was sprayed over
the condenser tubes to prevent their being caked with ice. The decanter
separated this brine from the liquid heptans, and the brine was continu=
ously filtered and recirculated,

‘ Because of the flammability of heptane, careful precautions were taken
: to avoid an explosion, The room containing the apparatus was well ven-
i tilated; sxplosion-proof motors, lights, and wiring were used in the |
vicinity of the &apparatus; and an automatic system to purge the apparatus
with nitrogen and to shut off the heptane flow in case of powar fallure
or in case the vacuum was accidentally broken with air was usad. Two
pressure switches in series, which were each closed by vacuum, operated

i 4 solencid valve (current to open) in thes heptans supply line to the

v boiler and another solenoid valve (curient to closs) which would open

4 when it was deenergized and purge the chamber with nitrogen, This same 4
r safety system ls shown in Figure II-1 for thes four-inch apparatus,

The nurpese of the opifice hetwean the supsrheater and the drying chamber
was to have a soamewhat higher pressure in the boiler in order to gt i
bettar heat transfer betwaan the hot surfaces and the vapor, In ncrmal - ;
oporation the pressure in the boiler was 5 to 10 psi absolute when using j
a 1" opifice and vaporizing about 1/2 gpm of liquid heptane, Without .
the orifice the vapor velocity was 8o high that droplets of liquid were
carried out of the boiler and through the supsrhsater into the drying
chamber; and the elbow between the boiler and the suparheater weuld bs
covered with frost on the outside from the low bolling liquid impinging
on it from the inside. The 1" orifice solved thia problem nicely and i
the surfaces of the boiler and superhsater were quite warm except when
the opescation wo: mndlv unga

N A e it I

s =

EES

2, To start a run, the vacuum pump was started, the cold trap was filled
with dry ice, the refrigeration turnad on, and the brina circulation
was started. Tha food basket was losded in the cold room and fine
therwocouples (36 gauge) ware inserted into food particles distributed

] about ti.a bad, Whan everything was ready, the food basket was quickly ‘

transferred to tha drying chambar, the themocoupla leads were connscted

with those in the chamber, and the chamber was evacuated to less than 1 .

willimster, all within 5 minutes or less. The vent to the heptane stor-

age tank was opened,which made the liquld boil until it cooled to its

equilibriua temperature and then the flow of heptans was astarted, This

, sequence required about 5 minutes alzo, Tha flows of hepsane and stemm

‘ to the boller were controlled manually and unless troubles developed,

' the apparatus operated very smopthly., Figures IV-2 and 3 show tempaeraturs
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rer. rocharta t r twyrung, 0t VL0, upacts were frequent

whers g Figure IVe3 sh ws a ¢ v rativ 1y smeoth, treubleefree opera-
tion,
The temp rature of th vapcr 1ravinge the b d {5 en the crdor ofﬂSO” in

oy
an E-17, Bteup  IVLD) and this oepres-nts w6 drep of nceriy 00T as the
od

vapor passed through th bed, MNaturally “his tomperature inereased as
the drying progrossed,

The pressures used in the pilot seale drying (2.5 to §.0 mm Hg) are
rather low, but since the cvacuatlon capacity ard refrigsration warae
available to malntain these pressures, samples were praduced under as
favorable corditions ag possible,

Table IV-L summarizes the operation of the pilot scale LPCS apparatus
and the conditions under which foods wer= dried, The dried foods were
canned under nitrogen and sent to U, O, Army Natick Laboratories for
detailed evaluation,

The original intention was to produce 10 paunds of each dried food, but
the unanticipated problems in making the apraratus operational. and in
sporating it far extended periods, permitted preparation of only fram
3/L t» L prunds of each sample,

In Table IV.L difficulties or upsets in operation of the gpparatus are
noted. Prnbably the sccurrence having most significance to the final
p.oduct was in run E-lL where the orifice between the superheater and
drying chamber blew out and incompletely vaporized carrier sprayed into
the drying chamber briefly, The ligquid heptane that wet the food momen-
tarily evapcrated very quickly, btut & very strong after taste was apparent
in the dried product.

The prineipal and rather unexpected problem which developed in operating
the pilot scale apparatus was the fermation of curdy suspended solids in
the heptane laycr of the decanter, As a run propressed, this material
apparently clogged the liue connecting tho dccanver with the hnztiane
storage tank, and also the entrance of the heptane pump; the restriction
caused the heptane pump to lose guction rather frequently. The heater
shown in the heptane lire just downstream from the pum in Flgure IV-1
was installed to malt these curds, and they gave no trouble in the line
beyond the heater. Hew. ver, whenuever the suction to the pump or the line
betwieen the decanter and storage tank clogged, they had to be purged by
putting some nitrogen pressure into the storag» tank and blowing the
splida through. Toward tue later part of a run, this purging had to be
done every 10 or 1% minutes: and even though the operation required no
more than 2 or 3 minutes, it upset the drying conditions,

This s0lid material which bullt up gradudly and had about the same
density as heptane, is believed to be a hydrate of hrptane, The fact
that the water drained frem the fuel filter in the heptane line at the
end of & run generally contained much less salt than the calcium chloride
brine circulated through the condenser, is evidence that the {{lter
cnliected very little er rained brine and that the water on it came from
the thermal decompnsition of a solid compound formed betwsen the heptane
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and water. The formation of solld or jelly-like hydrates fram lover
hydrocarbons and water and from alkyl halides and water is well known;
and the phenomenon is used to obtain fresh water from salt water. At
the high pressures in natural gas pipe lines traces of water will cause
jelly-like hydrates to deposit at tempsratures several degrees above the
normal freezing point of water,

These golids accumulated slowly in the heptane decanting and storage

tanks, and the only difficulty they caused was the clogging at constricted
points in the system, They were never apparent after the liquid was warwsd,
but heating was not possible until the heptane had passed through the
circulating pump.

When the suction to the heptane pump was partly clogged, there was a ten-
dency for the punp to cavitate and to losa suction, Cavitation took
place rather readily because of the low pressure under which the pump
suction operated, but this problem was largely eliminated by locating

the pump approximately 3 feet below the heptane storage tank and pro-
viding 3 cr 4 feet of liquid head and a straight run of 1" pipa to carry
liquid to the pumps,

Vaporization of the heptane proved to be somewhat difficult in the boller
which Figure IV«l shows. When liquid was sprayed on to the hot tubes in
the boiler at less than 10 millimeters of pressure, the large volume of
vapar and the resulting high vapor velocities carriaed droplets of liquid
through the superheater over into the drying chamber, but installatioen

of the orifice, which raised the pressure in the boiler to half an atmos-
phere or higher, lowered the vapor velocities and eliminated this carry-
over difficulty.

Even with the orifice installed, the carrier temperaturs oscillated 10°
or more because heat transfer to the bulb operating the temperature con-
trcller was slow, and the superheater stored enough steam and sensible
“1aat sc that after the controliler acted thers was scme lag before the
t.uperature of the carrier vapor decreased, The best control was ob-
tained when the temperature controller acted on an on-off basis, essen-
tially,

Corrosion would have been a problem in the condensar if the equipment had
oparated for any prolonged peéricd, The condenser tubes wera copper, the
shell of the condenser was mild steel, and in contact with the concen-
trated calcium chloride brine, there wus evidence of corrosion, HNo

problems or significant damage were caused by corrosion in the operations
reported here, however.

V, CONDENSIBLE CARRIER FLUIDS

A. Comparison of Properties

The obvious attributes for carrier fluids to be used in this process where
the vapor is circuiated by evaporation and condensation are, first, that the
material be non-texic and inert, and secona that it have the right volatilitys
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too high a vapor pressure vwsuld necessitate axcessively low condenser tam-
peraturss whiloc toc loWw 4 vapor pressure would cause the carrier to condense
on the frozen food at 3 to 15 mm Hg.

Tuces fluids which appear to have the desiied properties were studieds
heptane, with which most of the work was done, hexane, and IC-75; & cyclic
fluoro-ether CgF1g0s Thelr pertinent properties ars tabulated In Table
V-1,

Since the mimimum flow of carrisr vapor is probably determined by itm ability
to carry heat to the bed of food (for very thin beds carrying water away may
datermine the limiting rate) while hoat removed by ths refrigerated condenser
detarmines the cost of circulating the carrier fluid, a desirable charscter-
iatic would be a low ratio of AH of vaporization to the heat capr _ity of the
fluid, Table V-l gives the ratio of the change in u.thalpy ir .'e¢ condenser
to the heat capacity, and FC-75 is decidedly lower than either of the hydro-
carbons, Thus with FC-75, a given amount of heat can be transferred to &
bad of drying food with much less refrigeration than Is the case for heptans
or hexane, and alsc less heat would bs required to vaporize this carric..

Ragarding volatility, FC=75 and heptane are quite similar and would allow
reasonable condenser and ice core temperatures for operating pressuras between
about 3 and 7 or 8 mm Hg, Hexane s somewhat more volatile, and either higher
opsrating pressure or & lowsr condenssr temperature woull be needed.

Since the thermal conductivity of the vapor helps determine the rate of heat
transfer through the porous dried shell of the food, the highest value of
this property would be desirable, Here heptane is superiecr to FC-75,

The diffusivity of water vapor in the carrier gas detarminas the partial
prasaure of water at the ice core, and thus the ice core temperature for a
given rate of heat trausfer, The inert carrier interferes with the flow
of water vapor out from the ice core, and in fact causes the mass transfer
to take place by diffusion,

The diffusivity-of water vapor would, however, be only slightly less in
FC=75 than it would be in heptane or hexane, since the molecular weight of
the heavier gas has very little effect, as caen be seen by ths expresaion
for the diffusivity for the counter diffusion of two ideal gasses (10);

p~ £ &))"

Flamaability of the hydrecarbons is & disadvantage to their use, altlough
the hazard can be controlled, As the pressurs of a system is decreased, the
upper and lower explosion limits for a combustible vapor tend to draw to-
gether, and there s a2 minimum pressure of approximately 5 to 10 millimeters
below which the gas cannot be ignited in air (11), Thus within the drying
chambar there is little or no fire hazard unless thes vacuum is broken b

air, FC.75 is, of course, non-flammable, Gensrally a chlorinated or fluor-
inated solvent with hydrocarbon dissolved in it is non-flamsmable if the con-
centration of hydrocarbon is below 20% by weight,

62

i b OS] § 2 i

it

d

ol BN

A e & - . e o B




v

TABLE V = 1

COMPARISON OF CARRIER PROPERTIES (12, 8)

Heat Capacity of Vapor
g 1s0° F
BTU/# ¢ F

AH fror Liquid at 0° F
to Vapor @ 150° F,
BTU/#

AH/(Heat Capacity)

Vapor Pressure, mm Hg

20¢ F

=10° f

Thermal Conductivity, Vapor
@ 210° F,
BTU/(hr, °F ft,)

Molecular weight

FC=75 n=HEPTANE 6-HEXAKE
«23 435 M35
49,7 210 210
217 483 483
8.0 7.8 33
2.8 2.4 4,5
<008 012 «013
416 100 as

R
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With regard to toxlcity, neither the FC-75 nor the saturated hydrocarbons

is known to be harmful, The Food and Drug Administration allows 230 ppm of
hydrocarbon oil (an alliphatic kercaens fraction) as residua from its usa

as a defoaming agent Iin the manufactura of bset sugar, and 25 ppm of hexans
is allowed &8 & residual sgivent in flavor extiracis. Ho tolerance has been
saf for FC-785, but campletely fluorinated organic compounds are extremely
inert and non-taxic and a somewhat simiisr material, Freon C318, a cyclic
saturated fluro carbon Cyfg has been cleared by the Food and Drug Adminiutra-
tion for use as 8 propellant of foodstuffs, presumably whipped c¢rean, Thus
any of thess solvents should be satisfactorily safe to use.

The poasibility exists of using mixtures of carrier flulds, end sincs the
carrier is campletely vaporized and completely condensed in the cycle, no
fractionation should cccur, However, & closu boiling mixture would be
désirable becauss tha pressure at which condensation would acour on the

ice core corresponds to the dew point of a mixture, and the temparature at
which condensation would be complete, or virtually so, would be the bubble
point of the mixture} so the minimum allowable volatility would be determined
by tha heaaviest component and the maximum by the lightest. Certainly, howe
ever, a close bolling mixture of saturated hydrocarbon iscmers should be
satisfactory.

The cost of the carrier fluid is a highly practical matter, and here the
hydrocarbons are heavy favorites, FC<75 costs about $1 per pound compured
to about 20¢ & pound for tha purifisd hydrocarbons. Heweveér, since the
density of FC=75 (1,77 campared to ,68) is wmuch higher than that for the
hydrocarbons, about twice the weight of it would bu neaded; and therefore
its cost is about 10 times as great, T! refore, despite the more favor-
able thsoretical arguments for FC=75, ii. greater cost and lack of a Food
and Drug Administration tolerance would probably make heptans the most exe
pedient fluld to use on a large scale; and thus most of this work has been
done with heptans.

Performance of Different Carrier Fluids

Table V-2 lists the drying runs made in the small scale apparatus with hex-
ans and with FC=75, Tsble II-l gives similar data for heptane., All thres
carrier flulds seem to perform quite well, although the condsnser in the
apparatus was not adequate to handle the higher flow rates of hexane at 6
millimeters, the lovest pressure used with this carrier.

Rasiduss of Carrier Fluid in the " "ad Fooda

In all of the small-scale work repcsrted in Table Il«l, resgent grads heptana
was used} but this material was not readily aveilable in the quantities
nesdsd for the pilot scale apparatus so that two barrels of technical grads
heptans {Amsco) wers ordered for the larger scals work,

In the smull scals runs, at the most only a faint after taste, which might

be attributed to tha heptane was noticed in scme of the dried samples; but
the firat samples dried in the pilot scale apparatus had « strong acrid taste
and had obviously besn contaminated by the carrier.
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The technical grade heptane turned out to be quite diffarent foom the
analytical grade, The ultraviclet spsctrun for the anslytical material
showed no leas than 90% transmittance from the visible to the far ultra-
violet (350 to 200 millimicrons) while tha transmittance of the technlical
grade fell to virtually 0 betwean 300 and 280 millimicrons. TFurthermors,
the chromatograph ehowed the technical grade to contain at least § and
poasibly 5 princip ' componantg while the other had only 1 majopy cosiponunt,
See Figure V-1,

Since paraffin hydrocarbons are transparssut in the ultraviolet; the high
absorbanca of tha technical grade haptane was undoubtadly dus to arcmatic
and possibly alsc to unsatursted {mpurities, These materials, baing mors
reactive than the daturated hydrocarbons, can be removed by treatment with
faing sulphuric acid and alsc, but less readily, by adsorption on activated
carbon and by treatment with concentrated sulphuric acid. Thoroughly wash=-
ing the technical grade haptane twice with about 25% by volune of fuming
sulphuric acid, (20% sulfur trioxide) and at the same time warming to about
1509F, then decanting and washling the hydrocarbon with water, made {t quite
tranaparent through this full range of the ultraviclet and apparently
thoroughly removed the arcmnatics, Treating the technical grads heptane
with active carbon and with concentrated sulphuric acid decreased its ab=-
sorbance in the ultraviolet to same extent but not nearly so dramatically
as did the fuming sulphuric acid,

The technical grade heptane used in the pilot apparatus for runs E-2 through
E-12 was treated with fuming sulphurie acid in the mannar described above,
but apparently In the 3 tc $ gallon batchas contact betwesn the acid and
hydrocarbon was insufficient and significant quantitias of avomutic materials
remained in the carrier fluid as indicated by UV apectra and by anslysis of
the food for residual carrier.

Samples of dried food were analyznd for residues of carriesr using & nass
spactrograph., Weighed samples of the foods were sealed into glass ampoules
which were then broken under vacuum in the chamber of the mass spectrograph
and the volatile materials determined from the spectrum. The results are
reported in Table V-3, Where the focds ware dried in the sumall scale appara-
tus with analytical grade heptans and hexane and with FC-75, ne compounds
othar than the carrier were detected and only for Run 154 was an excessive
quantity of carrisr found, IR Run 154 tha pressure was only 3.5 millimstors
compared to 8 and 15 in Runs 149 and 148, so the ice core tempsrature of the
stravberries In this run should have been much lower than in the others,
Perhaps this fact accounted for the high realdual content of FC~75 in this
case,

The E series of runa, which were made in the pilot scale apparatus using the
technical grade haptane (purification had been attempted) showed considerabls
aromatic reslduss of toluens and alkyl benzanss in addition to saturated Cqs,
heptane, and methyl cyclohaxans, The coamparitively large residues of toluene
indicate that it is adsorbed praferentially by the dvied food, and this ia
logical considering that it {s & considerably more powarful solvent than the

saturated hydrocarbons. Adsorbed aromatics probably contribute most to after-

taste, since heptane ltself should be tasteiecuws.
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TABLE ¥ - 3

RESIDUES OF CARRIER IN DRIED FOQDS

it o ot | I A s b o

Run
Na. Fo00 CARRIER RESIDUE, ppm
137 Beef, cooked Heptane~ AR Heptana, 27
138 w oW " " Heptans, 20
1u8 Strawberry Hexane, AR Hexsne, 12 |
1u9 " " " Hexans, 7
151 Besf, cooked FC = 75 None detected
153 Fish FC - 75 None detected
154 Strawbsrry FC - 75 100 (approx.) :
METHYL
CYCLO- ALKYL
HEPTAXE HEXANE TOLUENE  BENZEHNES
E= 2 Paas Heptana=-T¢ch 17 10 50 Nona ;
E=12 Peax " & 2.5 1.1 1.3
£~ 4 Bauf, cooked " 30 58 100 6
E- & Beaf, vaw " None 2,2 6 ] _
£- 5 Baef, rav " 6 2.4 10 None [
E~- 7 Chicken, cooked " 7 2 16 §,7 '
E- 3 Fiah " 10 2.5 8 6.5 :
E~ 8 Paachas® " 470 200 1 11 ‘

*(Dried sumple E-8 had a strong acrid taste, and vas
discardad.)
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In Run E-U the opifice ahsad of the drying chambar blew out, and droplets
of liquid carrier were blown on tc the food durlng part of the run., No
liquid carrier wias known to have pasaed into the drying chamber in Run E-8,
but this must have happsned; and dince the product had a very strong une
plessant taste, it wam diacarded.

A# pointed oui ébovs; the Food and Diug Adminlstration allows 25 ppm of
hakans &8 resldual solvént in apice flaver extracts and 30 parts par million
of 4&liphatic hydrocarbon olls of & kercsene fraction in best sugar (iL):
the content of carvrler rlufd ehown in Tabis V=3 for Runa 137 through 153
where properly purified material was uned should be satlsfactory from the
point of view of residuas, Thare appear., to be no reason, howaver, why
technical grade heptans cannot be used if the aromatics are watlsfactorily
removed, Fusting sulphuric acid will effectively separate these arcmatic
lspurities from saturated hydrocarbons, and the design of an apparatus to
do this should present no problems for the comparatively amall amounts of
haptans nesded tc supply a full-gcale version of this procass,

V1. PROCESS DESIGN CONSIDERATIONS

While developing details of design was not an objective of this work, a certain
amount of this information did come out of the effort and the princip - pointa
are briefly notad balow,

Countarcurrent flow batwesn the carrisr vapor and the food is essential in &
continuocus process so that the carrier fluid can transport the maximum poasible .
amount of molsture from the bed by contacting undried food {ust before it leaves.

Since the flow of carrler fluid is most likely to be deterwinad by the amount of .
available sensible hzat it can carry to the bed, supplemental heating of tha vaper
at an interwediate stage of contact ia likely to minimize the carrier flow necessary.

For a situation where the carrier vapor flows through a bsd of food, increased bed
dipth (a8 on a moving grats) increases the over-all drying time needsd, but it
dscreases the cost per unit of deying tine, Thus, for a given materisl and a
given flow of carrier, thers s!.5uld ba an optimum bad depth,

Tracas of sromatic and unsaturated compounds and alsc oxygenated compounds can be
removed from saturated heptans by scrubbing with wawm, fuming sulphurle acid,
Since traces of these impuritiss impart undesirable taste and odor to the food,
any procass designed should incorporate apparatus for cleaning up the carrier,

To minimize loss of carrier fluld, leaks in the vacuum system should be minimized,
Any inart gas rwsoved by the vacuum pump carries with it a certain amount of
carrier vapos and provision should be made to control the chamber pressure by
throttling the vacuum pump,

Carrler liquid can be vaporized and superheated most efficlently by flash vapore
fzation in & tube heater at a pressure such that the temperature of the saturated
vaper is only slightly above the desired vapor temperature in the drying chamber,
Than by throttling the saturated vapor down to the derired chamber pressure, it

can be superheated without having to contend with the low heat transfer coefficient
of gam films at low pressure,
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The condensing, decanting, and liquid carrier systesx should provids for solid
nydrates, Theze form &t lo¥ tamperatuie in the condenser snd can be decompossd

by pumping them up to atmospheric pressure, wvarwing to room temperature and thaen
filtaring out the water,
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Ref, 6) Pg. 106,

Limite of Flammability of Gases and Vapors, U, S, Bureau of
nes letin 503, Pg, 3.

Technical Information, Minnesota Mining and Manufacturing Co.
(Jan, 1962), 3M Brand Inert Fluorocheminal Liquids,

R.f. 6. pg. .‘.20.

U, S. Dept.of Health, Education § Welfare, F,D, A,, Comgilation
of Regulations for Food Additives, sub-pait A, Pg. eds
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DEFINITION OF TERMS

Total pressurs
Partisl pressure of water vapor s¢ variable, or at the ice care,
Partial pressurs of water vapor at surfiace of particle

Partial pressure of water vapor in vapor atrasn

Temaperature of ice cors

Temparature of surface of particle
Teaparature of vapor atrean

Average tempsrature of dried food shell

Fraction of water vapor remaining in food

Film coeafficient for heat transfer through boundary layer

Mass transfer coefficlent through houndary layer

Therual conductivity of dried food

Diffusivity of water vapor through pores of dried food,
against carrier vapor

Change in enthalpy of water from ica to vapor

Change in density of food as it dries (assuming no shrinkage)

Molecular weight of water
Molecular weight of carrier fluid

Radius of lce core
Radius of particle

Tine

A-Il-1
76




|
|
i

i
i
|

Definition of Terms (conttd)

q Rate of heat transfer

| R Rate of nmass transfay

A Cross=sactional area

R S
|

Heat capacity of carrier vapor

Hass velocity - mass/(area-tims) of carrier
Thermal conductivity of carrier vapor

Fiuid viscosity

A=II-2 ‘
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APPENDIX II

HEAT AND MASS TRANSFER CALCULATIONS

e s, w1, P W
.
. -
!‘ 1‘ i T 1
. i

A, Heat transfar from stresn of carrier vapor to the ice core of a
IEEQrICII Tood Eartich. (0]

Heat transfer through boundary laysr

o Eaaiid 8 & AL AL Al M ik e S Il SO S S R

R

3).4(777’4.“)(7}*7:) i Assune T-f'
! Hsat absorbed by the evaporating ice core

i % - -4/{4,0(7’/3 774.}) f%: f'#- {s =

) 48
: Equating expressicns and rearranging

_ ~df P . Ay

/P - /o * 3 445 468
Within the dried shell of the food particle
3 - é (1’/7- /2-'7 L . ‘—{-—7‘ is +
3> 4 ) e !

Solve for oA 7  and integrate; at r =rg, T = To

L 7P - ’“—31(7‘;,“-;;")

vk

: Above integration assumes q constant with r at any 1nntant,i.n.7
A heat capacity of the dried shell of food is negligible,

ﬁ9{3 17;2'3 ~ 52} ;7?/205?L

and so,

A = A, 6%5’043 .

i
A-11-3 :
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Substituting: v |
-4 ﬁ’A[f” rea —TA' - /
=T * ""3K

Adding exprasislons for Tp=T, and T, =T givew

| o
- Hapn 2t _\] <&
772-] - a 3A /&['& +z—(&‘;‘r ‘) ié

In the weight-time runs, T, is constant, with & and o #nd
variation of T is small, go that (Tp « T) is approximafely
constant, Therefore, since y s ) vhen 4 = 0 , the abovs
axpression can be integrated to give:

(at 6 s 0, .
4 v

NS S T

If & value for the ratio of A /(f/ﬂ-o) is assumed,

then the function of ¥ {n brackets can be evaluated, and {t is proe
portional to @ . By evaluating a constant of proportionmality at one
exparimental point, valuss of § for other values of ﬂ‘— can be
calculated,

Rearvanging the expression for Tp « T given
4 3(75-7) [
2;; i ap le L v "—' '/a )]

Aully
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Diffusion of Water Vaporout of & spherical Fesd Particie {13}

For diffusion of gas a through gas b, the flux is:
(Ha/Adt = =D (Qp /Cp ) dCa/dX

l““ dx | ] udr
€t » (moles/vol) total » P/RT for i{desl gas
Cpb = (P =p)/RT
dca = (I/RT) dp
Na = moles water/time = 4/3 4 '4" (_‘i_ﬁ.) {%
> M) 4
A = W7

Na s D P Lo 49 Na ix +
“ra* P-p RT de
dp/dr is =~

Assuming Na is constant with r at a given instant

dp s NaR?T dw
P-p WP o

Wherea r= v, , p = p, , integrating, and assuming absolute
valus of T does not vary greatly with v, so that average value can
ba usedi

[,(P-p.)s Na R Taw~ _1..___1_)

Pup % 2 r Ty

And if P s much larger than p and p,

/ﬁ(ﬂ——-l—-p- - ) is apprexs P~ p, =1 = p - p,
p-p P~ P P-P
A=Tlx5

8o




so that

p-p % P-p NlRT/_L-_l_)

P ﬂﬂ\r v,

For transfer cf water vapor through boundary laysr

/\r“./ﬁ - 4‘: (Ca..'c_:.)‘ é:/'()rdp‘ './d"i)

KT
Y YT Ny A

Adding po “pPr to /J - ,D. and substituting for r and XNa glves

4

- 3 /faffz., 7. , 7:4-/2..(1;._ __;_‘-

D

(p-pr) /
i [5G )]

A-II-6
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con w0 e b e b il W] o I

Tp ond [Pp Aare constant with y, and soare T and p if

[
. vy . Iéa- /o
- &/7.  (0/2)T: -_
§
Since this is probably not trua, the temperaturs of the ice core \
should vary scmevhat a8 drying procesds, BSinos y decreases, by
(Tp = T)/ (p = pp) should decreass, and this would be ciused by :

an iassresse in T,

!
}
A=Il=7 !

82




agaieg

D,

Heat Transfer T'ilm Coafficient sround a Spherical Food Particle

From Foust (6) the factor 4q for transfer of hest betwsan single
spherss and a gas stream s plotted as a function of the Reynolds
nunber based ¢n gas mass flov rats and particle dimseter,

do = 1/4 ingh,

. ey
i '(CfGXc&’ﬂ)

For Heptane vapor at 150°f

Cp = L4 BTU/# « °F

« + 65 x 107 cp
/
4 = 1077 BTU/hp,= ff = Of

and, since Heptane is nearly an ideal gas at the pressurea used
here, these values are independent of pressure,

L4
Cp ‘(,/aé = ,69 in consistent units

The mass velocity, G, for flow of vapor from 11 cc/min. of liquid
Heptane through a channel 1 1/2 in. diem. is

11 (,68) gms )/ 1 kfgm) 1
60 sec / \u5u (3/2)5 (ﬂ’/k) ft.’

x 0223 #/ft.° - mec. = 80 H/hr.- £t2

Reynolds no, s ds ¢ » ya-rA

..4(

From plot, 94q = .07
And h  comes out 3.2 BTU/hr -« °F = £t2
A-II-8
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To determine the influence of maas flow rate of carrier on h, the
plot inm Fuuat (&) chows that 4q is proportional to Raynolde Nr,

¢ =.3 powur.

Therefore -~
T A~ e (&)~ 6

-
e ¢

Furtheraors, h should not be affectad by prassure, aince C,, .n(
and 4#°, &nd G are each pressure-indepandsnt.

A-11-9
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ANALYSIS FOR FREE SULFUR DIOXIDE IN CORN AFTER FREEZE-DRYING BY LPCS WETHOD
CE 9838

P
° ermine the amount of free 507 remalning on corn that was dipped into &
300 parte per milllon solution of 50; and freeze-dried by the LPCS method,

Materials
Frosen corn, "Libby's™ Golden Swaet Whols Kernsi Cora. A& 300 ppa 507 selutica
nade from ulzscao

Procadure
The 300 ppm So%tlolutlon was made and checked by wsing the AOAC wethod, (ACAC
para, 27,079, $th Ed,, 1960) The frozsn corn was thawed, then scaked in the
300 ppm 605 solution for 1-1/2 minutes. The excess solution was removed by
ahaking, T:s corn was placed on fresre~drying trays 2 - 3 kernels desp and
froxen to =10° P, in the ¢old room, Tha frozen aaterisl was then dricd using
the LPCS mathod, Tha dried corn was analyzsd by using the wothod for frea

6§09 described on page 112 of ggﬁgiégiégiiizulntcrnntional Chexical Series by
A, G, VNoodman, uth E4,, MaoGrawe pany, Inc., 1941, or Nichol.i and
Rasd: 1Ind, Eng, Chem,, Anal, E4., 1932, 79,

Results
EECS Run No. frea §
(1) 199,34
79,43
123.6
286,%
69 592,.6
70 6H5
87 57
Piscussion

Topeatable rasults were not cbtained. This may have baen due to the method of

snalyuis. Using a 300 ppm SO sclution and the above analysis method, the
results wore 72,6 and 80 ppm, The 502 did not meem to react at a
constant rata sach time with the KI,

Anothey problem was freeze-drying a large enough semple to make repetitive
snalysis of the aeme batch,

A=I1I-1
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Drying Rate Data

Rin - Run number

Tasp. - Temperatura °F

Pressure ~ Preossure, msm Hg

Total Tiae - Total time that sample dried, min,

Weight In - Inicial weight of wample, gma,

Weight Out = Final weight of sample, gus., as weighed

Msasured Loss ~ Weight loss, gms.,, as indicated by drying rate apparatus

Time - Ninutes since starting carrier flow

Wt. Losw = Loss in weight, gms., indicated by apparatus

Evaporation by Wt, « Per cent loas in weight by weighing ssmple

Evaporation Apparent = Par cent weight loss as indicated by spparatus and
initial weight

Rate = Per cent wt, loss/minute, based on least-squares slope of Iinitial
constant rate.

Confidence Limits « 95% confidence limits on rate, Y/minute

Intercept = Intercept of least-squares line with ¢ time axis

C 8lope - Per cent weight loss over which drying rate was assumed constant

Original data for this project (CE 9966) im contained in FMC Lab, notsbooks
(CEL-PDD) #160, 193, 220, 204, 1688, and 171,

A-IVel
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DRYING RATE DATA

g RUN 82
: TEWP 150
‘: PRESSURE 6
] TETAL TIME 205
; L NEIGHT IN T.10

WEIGHT SUT 1.55

MEASURED L@SS 5.0%

TINE WY L#SS

5.00 0.20
7.00 C.30
10.00 0.60
20.00 0.90
24.00 te18
- 30.00 §.35 o T
35.0¢ 1.60
40.00 1.75
46,00 2.00
%0.00 2.10
61.00 2.40
\ ’ 73.00 2.1 .
80,00 3.00
88.00 3.20
i
EVAPSRATISN BY NT 73.
T EVAPSRATISN APPARENT . ' LT T
1 RATE 0.59
CONFIDENCE LIMITS 0.05
INTVERCEPT 0.07
CSLIPE 30.

————— = . e e -
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DRYING RATE OATA

RUN
TEMP
PRESSURE
TETAL TINE
WE IGHT IN
WEIGHTY 8UY
MEASURED LESS

TINE W7

3.00
5.00
20.00
30.00
35.00
41.00
55.00
69,00
68.00
76.00
85.00
105.00
115.00
137.00
1%3.00
111.00

EVAPSRATISN BY WT
EVAPSRATISN APPARENT
RATE

CBNFIDENCE LIMITS
INTERCEPTY

csLere

83
i50

174
T.21
217
4.70

\
I
o R S O A N A e e i

LESS

0.07
0.20
0.82
1.30
1.60
.80
2.30
2.60
2.85
3.12
3.40
3,82
4.10
4,37 .
4.60
4.70

70,
65.
0461
0.05
-0.02
2.

B b A 3 SRR - 1 S AL A 7 M e EL ~ui-M‘iiHMlﬁ$§DW*iﬁmifﬁm N
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DRYING RATE DATA

RUN
TERP
PREUSURE
TETAL TIME
BEIGHTY IN
HEIGHT @uY
MEASURED L£SS

84
150

245
6485
1.50
4.85

TIME WT L@SS

9.0
15,00
20.00
28.00
35.00
40,00
5¢.00
£5.00
T6.00
85.00
90.00
95400

125.00
142,00
170.00
197.00
225.00
245.00

EVAPBRATIGN BY WY
EVAPERATIBN APPARENT
RATE

CENFIDENCE LINITS
INYERCEP ¥

CSLIPE

0.30
0.43

0.80

1.16

1u49 o
1469

2.00

2.50

2485

3.10

3.30 o
3.45

4,10

4.50

4e 15

4.80

4.85 | L

4.85

T2.
Tie
0.55 e
0.04
0.07
42.
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DRYING RATE OATA

RUN
YERF
PRESSURE
TBYAL TINE
WEIGHT IN
WEIGHT BUT
KEASURED LESS

TIME LA

5.00
0.00
15.00
2100
25.00
35.00
51.00
60.00
73.00
840.00
85.00
90.00
95.00

100,00
105.00
110,00
130.00
1715400
215.00

EVAPSRATIEN BY WY
EVAPFRATISN APPARENT
RATE

CONFIDENCE LIMITS
INTERCERY

CSLIPE

85
13-14

215
6.T2
1.82
5.25

L#5S

Q.55
C.85
1.10
1adS
1.75
2.20
3.00
3.45
3.90
4.20
4432
4,60
470
hoB2
4.90
5.00
5420
%.25
5425

T13.
78,
0.78
0.04
0.34
51.
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ORYING RATE DATA

RUR
TERP
PRESSURE
TATAL TIKE
WEIGHT IN
WEIGHT SUT
MEASURED @SS

TIME L]

5.00
1%.00
20.00
25,00
3G.00
35.00
40400
45.00
50400
41.00
7000
§0.00
90.00

100.00
110.00
120.00
130.00
140.00
150.00
160.00
175,00
190.00
210.00

EVAPIRATISN BY uT
EVAPBRATIEN APPARENT
RATE

CSNFIDENCE LIMITS
INTERCEPY

CSLAPE

a8
150

{90
.90
1.85
5.05

LB5s

0.20
0.50
0.80
1.00
1.20
1.45
170
1.80
2.05
2.52
2.82
3410
3e42
3.60
3.86
4.00
4.10
4.20
4.35
4.55
4,65
5.0%
5.30

13.
13.
Cubl
0.03
'0-05
37.
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DRYING RATE DATA

v e e s

RUN a9
TENP 150
PRESSURE é
THTAL VIME 2715
el ... MEIGHT IN 7.17
WEIGHT SUY .63
KEASURED L@5SS 5.43
e TINE WY LOSS
5.00 0.27
10.00 0.40
15.00 G.55
20.00 0.80
e 25400 0.95
30400 1.10
35,00 1.22
40,00 Fod0
45,00 1.45
50.00 .40
- _ 55400 1.75
65.00 2.00
75400 2,20
85.00 2.40
. 97.00 Za71
112,00 3.00
. 147.00 3,80
165,00 4. 00
175.00 4430
180400 4442
195400 4470
215.00 5.05
o - 236400 5425
245.00 5.45
260400 5.60
EVAPERATIEN BY WY 7.
 EVAPHRATION APPARENT 76.
— RATE 0.41
CENFIDENCE LINIYS 0.03
INTERCEPY 0.17
CSLEPE 28.
9L

e e —
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DRYING RATE DATA

S L LI ST R ey Cu YU B DU

RUN g0 e
YENP 150
PRESSURE 6 e s
TOTAL TIME 192
__ WEIGHT IN . Tels
WEIGHT SUT 1.7
MEASURED LSS %.70 e e
TIME MY L#SS L
5,00 0.30 S
10.00 0.60
. . _ 15.00 0.7 ) e
. o 20.00 1.07
25.00 140
" T T "7 30000 7T 465
- 35,00 be9s
40,00 2.10
‘ 45,00 2445 i e
T 50,00 2.55
60.00 3.05
70.00 T T 3,45
80.00 3.0
90.00 4.30 ' -
' 100.00 4.7% L e
; 110,00 4.85
? 120.00 Se10 B
| - 130,00 T T 5430 —
) 140.00 550 e
E 150,00 5,60
L o 160.00 Seb67 L
L 180,00 5.70
EVAPERATIEN BY WT 7.
T EVAPYRATISN APPARENY 80. . ToTTTTITTTITTTT
) RATE 0.71
" CHNFIDENCE LIMIYS 0.04 T
INTERCERT 0.08
CSLOPE™— 77 "TTTTTTITTAT,
95
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ORYING RATE DATA

RUN o1
TEMD 150
PRESSURE 6
- mee e = FOT AL -TIME 25%
WEIGHT IN 7213
WEIGHY OUT 1447
MEASURED LOSS 5¢80
TIME WT LOSS
5400 0e25
10600 0430
15.00 0460
—=20a400-- - - 0aT0
25400 Os8%
- 30400 1408
4N4N0 1e55
- 45 400 ie70
50,400 1490
55400 ——=--2415
60400 2630
e 7200 2e60
75400 2480
————— 8500 3410
90,00 3425
95400-- - —- 3450
100,00 3458
- 110400 2070
120400 3485
e e— 130,00 4el10
140,00 b4etb
~ 180400 - ~—- U486
16n,400 4480
- - 176,00 5410
185400 5430
s 200200 5450
210,400 570
——220400 5¢72
230,00 5¢80
245,00 5480
295,00 5480
EVAPORATION BY WT 79
EVAPGRATICN APPARENT 81l
RATE Da53
CONFIDENCE LIMITS 0e03
INTERCEPT =001
CSLOPE 26e

o m‘.ﬂ-' mﬁ’*&iﬁ“"»{*.‘ f*;:-"m-’#’ ﬁ& 1

PR S ]

& -—m‘ 2

At e 4 8kl e

aaenan

gy

o o Bl o LANAL .

PRE

[N P,

A



DRYING RATE DATA

RUN Q3
TENP t50
PRESSURE ]
TETAL TINME 213
WEIGHT IN 7.06
WEIGHT BUT 1Y-1
MEASURED L©BSS 5460

TIME W7 LBSS

3.00 0.35

6.00 0.55

8.00 0.70

13.00 0«95

1800 1.20

23,00 1.40

33.900 2.00

38.00 2.20

43.00 2450

53.00 3.0

63,00 3.55

68,00 3.90

73.00 4a12

83.00 4.55

88.00 4eT7

98.00 5.00

125.00 5450

183.00 5.60

213.00 560
EVAPORATIEN BY WY 17.
EVAPZRATIEN APPARENT 79.
RATE 0.76
CANFIDENCE LIMITS 0.03
INTERCEPT Q.23
CSL#PE 44.
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DAVING RATE UATA

RUN 94
JERP i50
PRESSURE &
TETAL TiHKE 195
WEIGHKY IN Tels
WEIGHY BUT 1.74
MEASURED LBSS 560

TIME WT LESS

5.00 0.25

10.00 O.58

22.00 135

25.00 155

30.00 1.89

35.00 2430

50.00 2.95

70.00 3.85

80.00 4.20

85.00 4.25

$0.20 4.50

95.00 4,65

105.00 5.10

$115.00 5.25

$125.00 5.32

135.00 5.50

14500 5.55

155.00 5.55

165.00 5. 60

195.00 5.60
EVAPSRATIAN BY WT 16,
EVAPSRATION APPARENT 8.
RATE 0.86
CONFIOENCE LIMITS 0.09
INTERCEPTY -0.01
CSLAPE &4l.
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ORYING RAYE DAYVA

RUN
TENP
PRESSURE
TRTAL TINKE
WEIGHY N
WEIGHT BUT
MEASURED L#SS

o TINE WY

5.00
10.00
15.00
20.00
30.00
35,00
40.00
45,00
50.00
55.00
65.00Q
75.00
80,00
85.00
95.00
100.00
110.00
125.00
145.00
185.00

o ~ EVAPPRATIBN BY WT
T T 7T EVAPEBRATIGEN APPARENT
RATE
CBNFIDENCE LIMITS
INTERCEPT

CSLIPE

95
i50

185
7.09
f.58
5.60

LSS

0.70
1.05
1.50
1.85
2.54
2080
3.05
3.38
3.65
3.90
4.20
4.85
4.90
4.95
5450
552
5454
5.58
5060
5460

T8a
19.
le10
Oel?
0430
26.
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' DRYING RATE DATA ,

g ) RUN 96

{ ‘ TENP 150

: PRESSURE 6

, TITAL TIME 195

{ WEIGHT IN 7.06

: WEIGKT SuT 1.94

MEASURED LSS 5.05

( TIME WY L@ss

; 5.00 0.55

: 10.00 0.78

, 20.00 1el5

25.00 1e32

. 30.00 ‘ .65

1).'- 35.00 . .90

e 40.00 2.20

45,00 2.40
50.00 2.60
55.00 2.85
50.00 2495

% 65,00 3410

: 70.00 3.30

: 75.00 3.40

. 80.00 3,55

; 85.00 3.80

5 90.00 3.95

/ 95.00 4.10

g 100.00 4.10

1 110.00 4.50

g 120.00 4a62

{ 135400 4,90

{ 160.00 5.05

; 195400 5,08

W PR T LSl

a EVAPBRATISN BY WT 73

: ) EVAPERATIGN APPARENT .

, CONFIDENCE LIMITS 0.08%

! INTERCEPY 0.27

% CSLWPE 7. e

100 ‘
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ORYING RATE DATA

RUN
TEMP
PRESSURE
TATAL TIME
WEIGHT IN
WEIGHT 8UT
MEASURED L#Ss

97
150

155
T.04
1.94
5.30

TIME WT LESsS

5.00
10.00
20.00
25.00
30.00
35.00
45,00
55.00
65.00
80.00
97.00
115.00
125,00
$13%.00
145.00
155.00

EVAPORATIBN BY WY
EVAPFRATION APPARENT
RATE

CENFIDENCE LIMITS
INTERCEPY

CSLEPE

0.45
0.95
1.60
i.85
2.15
2.50
3.0
3.70
6.15
4.70
5.05
5.30
5.30
5.30
5.30
5.30

124
15.
0.92
0.07
0.23
4%,

10l




DRYING RATE DATA

RUN
TEWP
 PRESSURE
TOYAL TIME
WEIGHT IN

. ———— e s ¢

i ——— -

HEIGHT SUT
MEASURED L@553

TIME L1}

%.00
10.00
15.00
20.00
25.00

30.00
35.00
40.00
45.00
50.00
60.00
65.00
70.00
75.00
85.00
104,00
122.00
145.00
155.00
170.00
185.00
200.00
230.00

EVAPSRATIEN BY WY
EVAPIRATISN APPARENY
RAYTE

CENFIDENCE LIMITS
INTERCEPY

CILSPFE

{00
i50

185
Ta19
0.66
6.55

L#SS

0.63
1.15
140
1+65
2.00
2.20
2445
2.80
3,00
3.25
3.60
3.72
3.95
4.15
Hak5
4.95
Sa45
5.90
6.05
6.40
6455
6.60
6.60

9.
.
074
0.03
0.60
45.

102
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DRYING RATE OATA

RUN 101
TENP 130
PRESSURE 4
TATAL TINE 195
o HEIGHT TN Tel® e
WEIGHT @UT 0.66
MEASURED L@SS 6.35
TIME  WT L8&SS e
5.00 0.30
10,00 0.58
15.00 G.90
20.00 1.30
25.00 1.55
30.00 (.95 I —
40.00 2.35
45.00 2.65
50.00 3.05 )
55.00 3.35
60.00 3.60
T 70.00 4400 R
75.00 4420
80400 4.47
90.00 4.70
95.00 4.90
105.00 5.20
- 110,00 5.40 R
120.00 5.60
125,00 5.80
130.00 5.95
135,00 6.10 :
140,00 6425 !
e 145.00 6425 —
150.00 6435 !
i
EVAPERATIAN BY WT 9, ,
EVAPERATION APPARENT #8. |
""""" RATE 0.83 T
CUNFIDENCE LINITS 0404 :
INTERCEPY 0.03
CSLEPE 50,

103
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DﬁYlNQ RAYE OAYA

RUN 102
TEMP 130
RES3URE &
L R AL e = ka1 29%
WEIGHT N baba
WEIGHT OUT i 96
MEASURED LOSS 5480

TIME WT LOSS

. 5400 Oel2

10400 Naé0

15400 NebS

e 20400 Qa82

25400 090

A0400 1410

35400 1430

40400 1450

45400 l1e6%

—— 5n.00 1670

, 55,00 2405

60400 2025

45400 228

70400 2435

75400 2e45

et —— 80.00 2460

85,00 2475

90400 290

95400 3400

10N400 4405

10%400 2418

—_ 110400 3430

115400 3035

125400 3450

130,00 360

135400 3470

145400 1488

—_ 150400 4400

155400 4s10

165,00 4a20

170400 4e25

180,400 4430

195,00 Lo b2

210400 4490

225400 5a05

245,400 5.45

265400 5650

280400 5470

295400 5480
EVAPORATION BY WY a5,
EVAPORATION APPARENTY 89
RATE D456
CONFIDENCE LIMIYS O!00%
INTERCFPY Neh2
CSLOPE 25

ey 14— SO WRRBRIT.

e . i i

o
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ORYING RATE DATA

RUN
YERP
PRESSURE
TBYAL TIME
REIGHTY IN
WEIGHT 8UT
MEASURED L@SS

TIKE WY

2.00
5.00
10.00
15.00
20.00
25.00
35.00
40.90
45,00
55.00
65.00
90.00
t15.00

EVAPERATION 8Y WY
EVAPERATISEN APPARENT
RATE

CBNFIDENCE LIMIYS
INTERCEPY

CSLOPE

tie6
i50

15
3425
1.25
1.90

LE5S

0.25
0.35
0e55
Q.80
0.95
1.18
l.48
1.65
1.75
1.86
1.90
1.90
1.90

62,
58.
1.18
0.10
Q.18
46,

105
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ORYING RATE DATA

RUN
TERP
PRESSURE
YETAL TIKE
WEIGHY IN
wEIGHY BUY
MEASURED LBS5S

TIME WT LA&SS

5.00
15.00
20.00
25.00
35.00
45.00
65.00

EVAPSRATISN BY NWT
EVAPBRATIEN APPARENT
RATE

CONFIDENCE LIMITS
INTERCEPT

CSLSPE

0.10
0465
1.15
1.25
1.52
1.72
1.86

63,
56.
1.84
t.02
-0.20
38,

106
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DRYING RATE DATA

KUN
TENP
PRESSURE
TETAL TIME
HEIGHY IR
WE IGHT guY
MEASURED L85S

e
i50
10
65
2.5
1.18
1.62

TIME WT LBSS

5.00
15.00
25.00
30.00
35.00
45.00
55.00
65,00

EVAPERATIAN BY WT
EVAPORATISN APPARENT
RATE

CONFIRDENCE LIMITS
INTERCEPT

CSLIPE

0.20
0.63
1.10
1.25
1.37
1.57
1.62
1.62

63.
51
1.36
0.23
~0.01
40.

107
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DRYING RATE DATA

RUN LN L
TEMP 1%0
PRESSURE 19 i e
TETAL TIME 90
e WTIGHY IN EM 1)
WE IBHY SUT 1.25
HEASURED L9S$S b8
R, . YIME ____MT LBSS
$.00 0.40 L e i
10.00 0.80 T
15,00 bed8
20,00 1.42
o 25400 1435
” 33.00 1.75
48,00  leu3
60.00 1% - T2
o T85.00 4.8
90. 60 1,85
N EVAPSRATISN BY WT 60. o e

77 EVAPBRATION APPARENT
RATE

" CUNFIDENCE LIMITS

___INTERCEPY
CSLBPE

59,

28T
0.58
0.09

e N . —m e ——E——-—————

45,

108
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DRYING RATF aTA

RUN
TEMP
PRESSURE
TOTAL TIME
WEICHT IN
MEIGHT B8UY
MEASURED L#SS

TIME KT

5.00
10.00
20.00
25.00
40.00
50.00
60.00
90.00

100.00

EVAPORATIEN BY WY
EVAPARATIEN APPARENT
RATE

CEZNFIDENCE LIMITS
INTERCEPT

CSLEPE

120
150

100
3e12
1.22
1650

LESS

0.10
0.30
0.70
0.85
t.20
1.40
1.50
1.50
1.50

61
48.
1.22
0.18
-0.08
27.

109
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ORYIRG RATE DATA

RUN 121
TEMP t50
PRESSURE 4
TBTAL TIME 60
HEIGHT IWN 3,05
WE IGHT 8UY 1.15
MEASURED 43SS 1.45

TIME WY LBSS

5.00 0.10
10.00 0.40
15400 0.55
20.00 0.80
25.00 1.05
30.00 1.20
40.00 1.40
60.00 145
EVAPORATIEN BY WY 62.
EVAPURATIGN APPARENT 48.
RATE 151
CONFIDENCE LIMITS 0.24
INTERCEPT =041
CSLBPE 34.

110
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DRYING RATE UDATA

RUN 122
TEMP 150
PRESSURE 1Q
TBTAL VIME 55
WEIGHT IN 3.20
REIGHT AUTY 1.32
MEASURED LBSS 1.70

TIHE WY LOSS

2.00 0.10
5.00 0.25
$10.00 0.60
15.00 0.95
20.00 is25
25.00 1.40
30.00 1.55
35,00 1.60
40.00 1.65
45.00 iaT0
50.00 le70
55.00 1.70
EVAPBRATIBN BY WY 59
EVAPZRATISN APPARENT 53.
RATE 2.04
CENFIDENCE LINITS 0.15
INTERCEPT =-0.05
CSLBPE 39.

iy
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DRYING RATE DATA

RUN
TEMP
PRESSURE
TETAL TIME
WEIGHY IR
WE IGHT 8UT
HEASURED L@S5S

T1ME L

5.00
10.00
15.00C
20.00
30.00
35.00
40.00
45.00
55.00
75.00

EVAPJRATISN BY WY
EVAPBRATIGON APPARENT
RATE

CANFIDENCE LIMITS
INTERCEPT

CSLOPE

112
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DRYING R~TE DATA

RUN
TENP
PRESSURE
TATAL TIME
WEISHT IN
WEIGHT auT
MEASURED L#SS

124
150

80
3.19
latd
175

TIME WY LESS

5.00
10.00
15.00
20.00
25.00
30.00
35.00
45.00
60.00
$0.00

EVAPGRATISN BY T
EVAPORATIIN APPARENT
RATE

CONFIDENCE LIMITS
INTERCEPY

CSLePE

G5
0.40
0.70
0.90
1.45
1.32
142
a5
175
175

65,
55.
149
0. 16
«0.06
41,

13
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ORYING RAYE DAYA
RUN 125
I S 130
L PRESSURE S L A
TSTAL TIRE 5
WEISHT IW B .26
UUUWEIGHT BUT T 22
N 'MEASURED L8SS . te90
e .. JIRE___ MY L8SS
5.00 0.40
- 10.00 ~  0.80
15.00 ta15 )
- . 20,00 7 .30 TS
25.00 1440
T 43,00 T Ve80T
50,00 1.90
ST 75400 A0 T
EVAPSRATION BY W7 62.
EVAPIRATISN APPARENT 59.
o RATE 2.31

........................

e e e ot i b

---------------------

- h o

CONFIDENCE LIMITS 14137777

INTERCEPT 0.03

CSLOPE Tt g cTTTTTIIImTImT o e o e e ——— e

it b - tra geead |
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DRYING RATE DATA

RUN i27

TEHP 120

PRESSURE 4

TETAL TINE 100

WEIGHT IN 3.19

T WEIGHT BUT 1.30
MEASURED LSS 1.80

TIME WT L8SS

5.00 0.05

10.00 0.35

15.00 055

20.00 0.85

25.00 1.05

35.00 1.20

40.00 1.50

60.00 tab5

75.00 165

90.00 1.80

100.00 1.80
EVAPGRATIGN BY MT 59.
EVAPERATISN APPARENT S6.
RATE 157
CENFIDENCE L IMITS 0.20
INTERCEPT ~0.48
CSLE#PE 33.

115
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DRYING RATE DATA

RUR
TEWP
PRESSURE
TSTAL TINME
WE IGHT IN
WEIGHY Sur
MEASURED LESS

128
120

105
3.22
$.20
1.90

TINME WT LSS

3.00

T«90
10.00
15.00
20.00
25.00
35.00
40.00
45.00
50.00
60.00

T 70.00

105.00

EVAPURATISN BY WY

EVAPSRATIBN APPARENT

RATE

CONFIDENCE LIMITS
INTERCEPTY

CSLSPE

C.10
0.20
0.30
0.50
0.70
0.85
telS
1.25
1.40
1445
1.55
1465
170

60.
59.
106
0.08
-0.02
36

116
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DRYING RATE DATA

RUN
TENP
PRESSURE
TOTAL VIME
WEIGHY IN
WEIBHT SUT
MEASURED LASS

TIME 1]

5.00
10.00
15.00
20,00
25.00
35.00
50.00
70.00
80.00
95.00

EVAPSRATIGN BY WY

EVAPSRATION APPARENT

RATE

CENFIDENCE LINITS
INTERCEPY

"CSLEPE

129
120
19
95
3.20
tai8
2.00

Le8SS

Q.25
0.55
0.80
115
140
1.60
1.85
2.00
2.00
2400

63,
63.
t.81
Ould
=0.04
&4

117
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ORYING RATE DATA

RUK
YEHRP
PRESSURE
TETAL TIRE
WEIGHT IN
NEIGHT QUT
HEASURED LSS

TIME L1)

5.00
10.00
15.00
20,00
25.00
30.00
35.00
40.00
50.00
55.00
68.00
80.00
90.00

EVAPBRATISN BY WY
EVAPERATIEN APPARENT
RATE

CONFIDENCE LIMIYS
INTERCEPY

CSL2PE

138
120
10
20
319
1.16
ie83

LassS

G.15
Q.42
0.55
G.70
0.85

140
1.80
1.80
180
1.83

TN
57.
1.1}
0.09
0.01
45,

118
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DRYING RATE DATA

& RE

RN
TERP
PRESSURE
TBTAL TINME
WEIGHT IN
WEIGHT BUT
HWEASURED L#@SS

TIME L 1)

5.00
10.00
15.00
20.00
25.00
30.00
35.00
40.00
50.00
55.00
75.00
80.00
90.00
95.00

100.00
105.00
110,00

EVAPERATISN BY WT
EVAPURATIEN APPARENT
RATE

CONFIDENCE LIMITS
INTERCEPY

CSLSPE

§5i
120
4

t10
3.27
i«18
i.82

L#ss

0.15
0.50
0.5
0.85
1.00
110
1.25
§.45
1.50
155
1265
1.75
1.80
1.82
1.82
1.82
1.82

64,
56.
§e25
0.40
0.02
3.

119
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DRYIKG RATE DATA

.,1
N A BSHE MR N BTN 1R MR R

RUN 132
TERP ico
- PRESSURE 6
5 THTAL VIWE is
= WEIGHT IN 3,22
& WEIGHT SUT .22
> MEASURED L3SS 1.75
:
=
ﬁ TIME WT LESS L ~
% 15.00 0.45
. 20.0C 0.60
30.00 0.90
; 40.00 1015
i ' 5500 138 -
! 75.00 1.70
§ 95.00 b5
t 115.00 he75
1 h EVAPORATIBN BY WY 62.
: EVAPBRATISN AFPARENT S4e
- RATE Ca.84
CONFIDENCE LIMITS 0.10
INYERCEPY 0.06
CSLOPE 39.

120 -
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DRYING RATE DATA

RUNK
TENWP
PRESSURE
TETAL TIKE
WEIGHT IN
WEiIGHT BUT
MEASURED LESS

§33
129

3.10
iei3
1«90

TIME WT L8SS

10.00
25.00
35.00
45.00
55.00
65.00
70.00
90.00
100.00

EVAPBRATIBN BY WT
EVAPBRATI@N APFPARENT
RATE

CONFIDERCE LIMITS
INTERCEPT

CSLAPE

C.45
1.05
1.30
1.55
1.65
1.75
1.90
.90
1.90
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DRYING RAYE DATA

__ RUN 134
TERD i20
PRESSURE 15
TRTAL TINE 8%
L . WEIGKT N ) 3.t
WEIGHT SUT o2}
MEASURED L#SS 2.00

TIKE WT L&SS

— v ——— - —————

5.00 0.40

10.00 0.78

15,00 1.05

20.00 1.25

25,00 140

35,29 1.65

45.0U 1.85

55.00 1.95

) 70.00 2.00

85.00 2.00
. EVAPERATIEN BY WY 62.
EVAPERATION APPARENT 63.
) RATE 2.06
CBNFIDENCE LINIVS 2.53
INTERCEPT 0409
CSLSPE 33,

122
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DRYING RATE DATA

RUN
TEMP
FRESSURE
TRTAL TIME
WEIGHT IN
WEIGHY #UT
MEASURED L8SS

TIME LY]

5.00
10.00
i5.00
25.00
35.00
- 45.00
50.00
55.00
60.00
65.00

EVAPORATIBN BY T
EVAPIRATIBN APPARENT
RATE

CENFIDENCE LIMITS
INTERCEPT

CSLBPE

§3&6
170

65
3.3
iai0
155

LESS

0.10
0.60
0.80
lel5
f435
145
1.50
155
.85
155

65,
50.
1.58
135
-0.02
3.

123
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DRYING RATE DATA

RUN
TEMP
PRESSURE
YETAL TiRE
REIGHT IN
WEIGHT QUuT
RTABSURED LS53

TIME WY

5.00
10.00
15.00
25.00
20,00
$0.00
T0.00
80.00

EVAPBRATIOBN BY WT
EYAPORATISN APPARENT
RATE

CONFIDENCE LIMITS
INtenleri

LSLBPE

£37
179G
15
&G
3.10
1.27
1.0

- F -

12k




ORYING RAYE OATA

RUN
TEHP
PRESSURE
TOYAL YiWE
WEIGHY IN
WEIGHT BUT
HEASURED LES5S

TIME WY

5.00
10.00
15.00
20.00
25.00
T 30.00
40400
604,00
95.00

T 7T 7T EVAPURATION BY MT
EVAPZRATIEN APPARENT
RATE
CONFIDENCE LIMITS
T INTERCEPT
CSLEPE

128
170

95
3.28
le32

Y1

LESS

0.30
0.55
0.75
100
.15
.40
1a45
150
1«60

60.
1.40
0.19

0.08
30.

125
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DRYING RATE CATA

RUN 139
TEMP 170
PRESSURE &
TETAL TINME 85
WEIGHT IN 3,34 -
WEEGHT BUT 1425
HEASURED L@s$ 1.9%

TIRE WT LOSS

5.00 0.10 o
10.00 0.30
15.00 0.60
20.00 0.85
25.00 3400 i
- 30.00 1.10
40,00 .25
45.00 1.45
55,00 tes0
65.00 1.65
75.00 {280 o -
— 85.00 1.95
EVAPGRATIGN BY WT 81, R
EVAPBRATIEN APPARENT 59,
. RATE 1.54 S
CBNFIDENCE LIMITS 0.34
INTERCEPT -0.18 e
CSL@PE 26.

126




DRYING

RUN
YEMP
PREJLSURE
TOTAL TIME
WETIGHY IN
WEIDHT SUT

RATE

MEASURED LE5S

TIME

5.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
55.00
60.00

WT

EVAPBRATION BY WY
EVAPBRATIEN APPARENT

RATE

CONFIDENCE LIMITS

INTERCEPT
CSL@PE

i40
170
t9
&0
3.20
L0 4

175

LESS

0.35
1.00
1.20
1.40
1.60
.70
175
1275
1475
175

64,
55.
1,65
0.66
Q.13

‘e

127
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DRYING RAYE DATA

M-
RUN 142 -é
TENP 150 i
; PRESSURE 15 :
: TETAL TINME 105 ‘
: ~ NEIGHT IN 3.G9 : S .
: WEIGHY BUY 1.18 i
MEASURED LSS 1.95

TIME NT LESS

10.00 G.48
12,00 0062
15.00 0475
. 20,00 1,00
22.00 1.10
25.00 1.20 ; B
27.00 130
30.00 ta33
35,00 150
40,00 1.60
45,00 1e67 _
i 55,00 1,65 ’ ‘ T oo ]
65,00 1.95 *
: 85.00 1.95 1
: 105.00 1.9%
; - EVAPSRATIEN BY T 62, T
! EVAPGRATISN APPARENT 63.
z RATE 1455
{ CoNFICENCT LIXITS Uelb
3 INTERCEPT G.03
g o CSLSPE 39, e
123
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DRYING RAYE DATA

RUN ia3
TEMP 150
PRESSURE 56
TETAL YIHME 92
WEYGHT IN 3410
WEIGHTY QUT . >
REASUKED LESS 190

LY L RS B

TIME WY L@SS

) 2.00 0.25
“' 4.00 0.‘05
f T.00 0.5%
! 12.00 0.80
17.00 1,15
22.00 1.25

PR "2 B 2~

: 27.00 Y

3 32.00 te55

; ) 37.00 1.60
; 42.00 1.70 .
; 47.00 1.80 y
67.00 1.90 i
3 82.00 1.50 A
: 92.00 t.90 ?%
. i

EVAPIRATIEN BY WY 3.

et
S

3 EVAPORATISN APPARENT 6i. 3
RAYE 1.82 %‘r
A CONFIDENCE LIMITS 0.40 !
i INTERCEPT Cut 7 K

CSLOPE 37.

129
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DRYING RATE DATA

RUN 144
TEMP 150
PRESSURE 8
TaVAL TIHE 80
WEIGHT IN 3.02
WEIGHT BUT tal2
HEASURED LF55 1.7

TIME KT LESS
$.00 0.25
10.00 0.22
12.00 U.42
14.00 0«50
16.00 0.60
19.00 075
~3.00 100
27.00 1.05
2300 1.25%
38.00 i.40
£5.00 .52
5100 160
56400 1.65
63400 .70
T2.00 170
&0.00 1.70
CYAPORATIGN BY WY 63.
EVAPERATIGN APPARENY 564
RATE 5%
CORFIDERCE LIMITS 0.20
INYERCERT -0145
CSLBPE 25,

130
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DRYING RATE DATA

RUN
TEH?
PRESSURE
TETAL VIKE
WEIGHT IN
WEIGHT gUT

MEASURED L8SS

5.00

6.00

8.00

il.00

14,00

T o 1600
20.00

23.00

26.00

35.00

38.00

45.00

494,00

534,00

57.00

62.00

74.00

T 81400
115.00

EVAPBRATIEN BY WY

EVAPZRATIAN APPARENT
P RATE A

CENFXDENCE LIMITS

INTERCEPTY

CSLEPE

TIME WY

é6l.

LY

Ouli
0. 04
38.

131
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DRYING RATE DATA

RUN
TEKP
PRESSURE
TETAL TIHE
CHEICHMY N
WEIGHY &SUTY
MEASURED L@SS

147
150

102

2.20

1.25
1.90

TIME WY LESS

3.00
8.00
10.00
14.00
i18.00
23,00
29.00
33.00
37.00
44.00
49.00
53.00
61.00
82.00
93.00
96.00
102.00

o e 4t o s 2 e e

EVAPORATIBN BY WT
EVAPGRATIAN APPARENT
RATE

CANFIDENCE LIMITS
INTERCEPT

CSLSPE

J.25
0.50
0.60
0.75
0.95
latS
1635
1.45
1.50
1.65
1.70
1.80
1.85
1.90
1.90
190
1.90

6i.
59,
1e43
O.14
Oel2
30.
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DRYING RAVE DATA ‘

RUN 156
TENP i50
PRESSURE 15
TEYAL TIME 1ot
WEIGHT 1IN 3.20
WEIGHT #uY 124
MEASURED L8SS 1.75

TIME WT LBSS

13.00 0.50
16,00 0.60
18400 C.70
20.00 0.84
24.00 .00
28.00 tul0
31.00 120
36400 130
4t.00 .40
48400 1455
52.00 1455
. 60.00 {65
65400 1.68
13.00 1,75 h
8600 175
9i.00 1475
101.00 178
EVAPORATIBN BY WY &ia
EVAPURATION APPARENT 3-8 _
RATE Tald :
CONFIDERCE LIMITS Q.19 ;
INVERCEPY 0.06
CSLEVE 41
133
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ORYING RATE DATA

RUN
TENP
PRESSURE
TETAL TIME

_ MEISHT IN
WEIGHY DU
MEASURED LBSS

TIKE  WT

3. 00
4.00
5.00
8.00
11.00
14.00
17.00
21.00
24.00
29,00
33,00
43.00
53.00
48,00
1.00Q
49.00

EVAPERATIEN BY WY
EVAPERATIGN APPARENT
RATE

CENFIDENCE LIMITS
INTERCEPY

CSLEPE

" 0a8%

i57
150
id
89
2490
is08
180

LSS

0a13
Q.15
0.23
0.35
0.560

1.00
1ai3
1.35

150

160

leT0

1.80
1.80
1.80
1.80

63.
&2.
2,08
0.256
=007
39.

134
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DRYING RATE DATA

RUN
TEHRP
PRESSURE
TETAL TIME
BEIGHT &N
WEIGHT #UT
MEASUKED LE5S

TIME WT

5.00

7.00
10.00
12.00
15.00
i7.00
20.00
234,00
28.00
35.00
40.00
45.00
50.00
55400
60.00
65.00
70,00
§0.00

EVAPORAYISN BY WY
EVAPBRAYTION APPARENTY
RATE

CENFIDENCE LIMITS
INTERCEPY

CSLEPE

.1
56.
24018
0.22
“"0-'7
33.

T ———
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! DRYING RATE DATA 4
i o
A i
o RUR i59 ki
f TEMP i50 :

: PRESSURE 15 i
: - TETAL TIKE 85 z
; ; WEIGHT IN 3,17 !
= : EEIBHT 8UT 1.09 L
i : MEASURED L@SS 1.92 S
i

i

; TIME WT L@SS o

l 6400 0.50 ?

| 8.00 0.63 {

10.00 0.70

14.00 100 !
20.00 1.20 i
24.00 1.40 !
27.00 1.50 4
33,00 1.65 ’
37.00 1.85 ,

: 45400 1.92 ]

; 50.00 1,92 |

i 60.00 1.92 !

: 85.00 1.9z B
. ¥
! ; EVAPIRATIEN BY WT 4. !
i : EVAPBRATISN APPARENT &1, ;

1 3 RATE 156 i
- ; CENFIDENCE LIMITS 0.25 !
: IRVERCEPY 0.23 !
H CSLSPE 4. ;
i

: 136
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DRYING RAYE DATA

RUN
TEMP
¥RESSURE
YETAL TIME
WEIGHT IN
WEIGHT oUT
MEASURED LRSS

TIME L2}

3.00
5.00
6.00
2.00
10.00
t3.00
15.00
17.00
22.00
25.00
30.00
36400
42.00
50.00
55.00
60.00
70.00
80.00
105.00

EVAPGRATIBN BY WT
EVAPBRATISN APPARENT
RATE

CANFIDENCE LIMITS
INTERCEPT

CILEPE

160
150
15
105
3:.10
1.00
192

LSS
G 10

0.30
0.40

68,
62.
1.79
Oul2
~0.06
2.

137
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| 4 DRYIMNG RATE DATA !
|
£ RUN P6& Tt
¢ TENP 120 :
z PRESSURE 10 1
-4 TATAL YVIME 5 i
I WEIGHT IN 2.70 !
3 REPEMNT #ur 0.70
E KEASURED LBSS 1.7% :
e '
§ !
; YINE  WT L@SS !
. i
: 2.00 0.02 :
5.00 0.20 !
; 7.00 0432 ;
3 10.00 0.50
] 16400 0.85
g 20,00 0.92
{ 2%.00 120
1 31,00 1.30 ]
E 45,00 k5
g $%5,.00 1.70
& 3 75.00 1.75
& - EVAPERATIEN BY WT The |
. EVAPSRATIGN APPARENT 65 .
; RATE 1.87
; CGNFIDENCE LIMITS 0.22
; CSLAPE bk

X
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DRYING RATE DATA

RUN 165
TEMP 120
PRESSURE is
TATAL TINME 90
WEIGHT IN 2.70
HEIGHY ouY S.EC
MEASURED L8SS 1.55

TIME WT LASS

5.00 0.05

7.00 0.22

10.00 0.40

13.00 0.565

18.00 0.85

22.00 taléd TTrorme e

30.00 115

3t.00 1.30

4700 1a45

54,00 135

75,00 1455

T 90.00 1.5% ST
EVAPRPRATIEN BY MWT e
EVAPARATIAN APFARENTY 57.
RATE 2.30
CENFIDENCE LINITS 0.31
INTERCEPT -0.22
CSLUPE 42,
A/
139
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DRYING RAYE DATA

RKUN
Toay
PRESSURE
TOTAL TIHE
WEiBhT I
Wi IGHY GUT
MEASURED LBSS

TINE | 31

3.00

5.00

T.00
10.00
13.00
11.00
20.00
25.00
28,00
32.00
42.00
45.00
55.00
58.00
75.00
85.00

EVAPSRATION 8% WY
EVAPHRAYION APPARENT
RATE

CUNFJDENCE LIMITS
INTERCEPY

. CSLUPE

164
i20
i5
85
P 1]
i.00
153

L&sS

0.07
Q.20
0.30
Q45
0.58
D94
1.00
1.15
1.30
la32
(LT
1.50
1.50
1.53
1.53
1.53

63.
57
184
0.23
0,06
48,
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DESIGR CONCEPT AND ESTIMATED CQST OF FREEZE DRYING BY LPCS

This work was done by PHC Corpovation for its own information and at its own

axpense, The ocbjective was to assume an optimistic design and favorable

Sparating conditlicns, bssaed on ths avelisbie data and frow there to estimate .
the pessible cost of fssas drying on & large scals by LPCS, Tha LPCS process

fiow sheat presents a concept which should work and which should represent a

minlze coat,

The attached caloulations give the essential informatlion from which the gost
of 4,7¢ per pound of waier evaporated was caiculated, This cost, to whigh
must be added costs for froxen food storage, buildings, packaging, a cite,
sud certain utilities is believed to represent some saving over an equivplent
inatalletion for vacuum freaze drying, but not erough to presently justify the
restricted scope of possible foods and the complication of using the carpler

¥ VEapor.
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Area = 56 109 §/hr - puss = 410 ftZ/pass or 820 £t2 total.
' 137 §/hr - £t saca pess

PROCESS CALCULATIONS

Basis 2,000 #/hr of water evzporated

Carpier {low heptane 1n at 130°F, out at 40°, with 20° of reheat in betwaen
P in 10 am Hgy out & mm Hg (total)

Focd 80% moisture, 25 #/ft3, particulate

PH20 in approximately 03 PH20 out approximately 1 mm Hg

Carrier Flow

To remove water at 3 moles heptane/mole H,0 evap,

To supply heat & H,0(solid 10° goes to vapor 409 = 1233 BTU/#

4H heptane 130° - u0° + 20° (.40 BTU/#°F) (130 - 40 + 20) °F = 44 BTU/#
Per # H,0 evaporatad lé%@_ = 28# heptans circulated
Or 28/100 = 5,05 moles heptane/mole Hy0 evap.
“I/Ig  —e——
Therefore this much heptane will carry water away.

Total carrier flow 2,000 (28, = 56 103 #/hp

Bed Ares and Volume; Contast m

Bed area - for 2 passes at 137# hcptana/ft2 - hr for sach pass
(Flow calculated to give pressure drop specified).

Bed volume if cylindrical, 6" thick and area at average dismeter = 820 £t2
Volume = (820) (1/2) = 410 £t3 total

Contact time, totalt

2,000 # Hsoéhr z 100 £t3 feci/r -
+B 29 /4 [ 1] 1:3, .
Time » 4,1 hours total

Make bad a vertical cylinder, 20 ft high.
A=V-3
143




Vex(D,=D4)2h
T (- i

s 4 (410) = 28,1 ft,
- g ]

B i Wt

Condenser Duty
Vapor &t UO°F gous to liquid and sclid at O°F

ae gt i dl

AH Hg0 = 1,238 BTU/# Hg0

4H heptane = 185 BTU/#

Q/# Hy0 = 1,238 + 28 (165) = 6,357 BTU/# Hp0 (use 6,500 BTU/#Hz0 evap,)

Q total = 6,500 (2,000) = 13 10% BTU/hr = 1,080 tons of refrigeretion

Condensser at 0°; refrigerant st -25°

e~ W 1T B e N

Overall heat trunsfer coafficient fort

Vapor condenaing cutside

i : Calcium chloride solution film
Tube

Boiling liquid inside

-t g B

. r g

FURY GRS

¢ U estimated at 100 BTU/hr £t2 OF (Perry pg. 481)

Condenser Surface (stainless)

By et

A a = 13 106 = 5,2 103 £t2

2
4
§ 1" - 14 ga, tube, 20,000 ft,
!
;
;

AwVeld
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LPCS COSTS - MAJOR EQUIPMENT

Condenser, 27,000 pounds (#) stainless steel (S, S,) at $2,00 $54,000
Brine HX, 6,800# 5. S, at $2.00 13,500
Brine Evaporater, 2,500§ S. S. at $2.,00 5,000
Heptane Heater - Awmeonla Cooler, 11,700# mild steel (M, S,) at §,75 8,800
Heptans Vaporizer, 5,5004 M, S, at $,75 4,200
Drier - Hester, 3,300# M, S, at $,75 2,500
Baaket, 11,600 S, 8. at $2,00 23,200
Shield, 3,800 s. S, at $2,00 7,600
Rotating Drive 2,000
Shell, 7¢,000# ¥, S, at $,75 52,500
Lock Hoppers, 2 each 3,000# at $,75 4,600
Decanter, 6,000# at $2.00 12,000
L? Recelver, 6,000# at $,75 4,500
Rotary Valves, 10", 4 each at $3,000 12,000
Heptane Filter 1,000
Pumps, brine, heptane, anmonia, 3 each at $2,000 6,000
Elevator 15,000
Vacuum Pump 5,000
Boller, 15,000#/hr ¢ water treatmant 25,000
Barometric Condenser Ls000
Total 259,500

AmVely
145
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LPCS CAPITAL COST SUMMARY

Cost
Major Equipsent $25%,500
tructure 30,000
Ingtrumenis aud Contiole 17,500
Piping and Vaives 20,000
Platfoiwis 6,000
Insulation 18,000
Electricel (explosion proof) 20,000
Foundations 5,000
Building, 1,000 £tZ at 15,000 15,000
Paving and Drainage, Site preparation 8,000
Palnting 3,000

Total Equipmant $402,000

Construction Labor at $3.50 plus 50% burden $ 81,000

Construction Supplias, Equipment 25,000
Enginesring (at 15% equipmiat) 72,500
Procursment 15,000

Refrigeration estimated by Lewis Refrigera~

tion Co, for 1,080 Tons 600,000
Total Capital Cost §1,195,500

Not Included

Electrical Sub Station

Bite

frozan Food Storage

Packaging

Product Storage

Currisr Purification Equipment

A-Vusg
1L6

Erict%on
2,500 Han Hours
00
2,000
5,000
300
s/c
3,000
1,000
s/¢
s/C

1,000

15,400

1 []
o P il ™ W, e At D S D . Dt NI . Gl E o il i
N b I A e N e S ST e

L]
A Lok | I 0. S | Al St PV MLy, MSa el 1 SNt -

- kI S



LPCS UNIT COST
Basis, 2,000# Hy0 evaporaticn/hr
74200 houwrs cperation/ysar
Fixed Charges, (,20) 1.2 (10)6/7,2 10?
Powsr, 2,200 XW st 5,012
Steam, 13,500#/hr at $1,00/1,0006
Labor, 2 men at $5.00

Overhead, 100% ilabor
Total

Or 93,23 = 4,66 ¢/# of H 0 evaporation
7,000 @m==<

——

A=V«6
L7

$33,33/hr
26,40
13,50

10.00

10,00

$93,23/hr

N o ———— . it = ot st e
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LPCS OPERATING COSTS by
.
i
Estimated by Lewls Refrigeratisn Co., 2,200 KW totel load, !
1
b
¢ Labor, 2 mez at $5.00/hr 1 ;
o k = 2
E : Overhead, 100% of labor i
5 ‘ i
A 4 Stems, Evaporator, 2,300§/hr |
# 3 heptane Vaporiaer, 10,600 §/ur T
B Rediant Heater I
9 } q = 56 109 (,43) 20 = 483,000 BTU/hr ,
! 4 Steem = 483,000/924 = 520§ /hr ;
i Use 6008/hr
3 Total, 13,500#/hr at $1,00/1,0004 ;
w2 5 E
; Fixed Charges, Interest 6% f
1 Depreciation 10 A
Maintenancs 2 !
I Taxes and Insurance _2
Total 20%/year |
)
; é
| ]
t ‘;
L‘.:v ; 1
1
A=V=7
8
'.:: 1
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